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RÉSUMÉ
Les forêts boréales stockent de grandes quantités de carbone organique et jouent un
rôle important dans le climat planètaire. Le climat est étroitement associé à la surface
terrestre à travers les flux de gaz à effet de serre, d’énergie et de vapeur d’eau. Dans
la zone de pergélisol sporadique nord-américaine, l’affaissement du sol attribuable au
dégel provoque l’expansion de milieux humides sans pergélisol remplaçant des forêts
avec pergélisol. Cependant, l’étendue spatiale de ces changements et leurs conséquences
sur le climat sont inconnues. Dans cette étude, j’analyse les flux turbulents d’un paysage
comprenant des forêts boréales et des milieux humides dans la partie sud de la Taïga des
plaines, T.N.-O., Canada. J’associe ces flux avec la modélisation d’empreintes de flux,
des données satellite, des données paléoécologiques, et des projections climatiques afin
de caractériser l’impact des changements de la couverture terrestre sur les interactions
entre la terre et l’atmosphère.
Dans la Taïga des plaines, la perte de forêt boréale attribuable au dégel est d’une im-
portance égale à celle due aux feux de forêt. La perte de forêt modifie les flux turbulents
d’énergie à travers des changements dans les propriétés aérodynamiques et écophysio-
logiques de la surface terrestre. L’accroissement de l’albédo cause de petites réductions
dans la somme des flux turbulents de chaleur sensible (H) et de chaleur latente (LE)).
La diminution de la rugosité et l’augmentation de l’humidité de la surface augmentent
toutefois LE tout en réduisant H, ce qui mènerait à une baisse des températures estivales
et à une augmentation de l’humidité de l’air, d’après des simulations réalisées à l’aide
d’un modèle de la couche limite planétaire.
Contrairement à l’effet biophysique de refroidissement du climat régional dû à la
perte de couvert forestier, l’expansion des milieux humides et l’augmentation des émis-
sions de méthane (CH4) provoque un réchauffement du climat. L’expansion des milieux
humides dans la partie sud de la Taïga des plaines entraîne une augmentation des émis-
sions de 0.034 g CH4 m
-2 a-1. Les taux d’absorption de CO2 caractéristiques de ces
paysages sont trop faibles pour neutraliser le réchauffement du climat dû aux émissions
de CH4 d’ici la fin du 21
ème siècle.
Tout en dégelant rapidement, ces paysages boréaux restent des puits de CO2, absor-
bant 74 g CO2 m
-2 a-1. L’expansion des milieux humides n’affecte pas les émissions
nettes de CO2, les changements de la productivité primaire brute (PPB) et de la respi-
ration de l’écosystème (RE) étant d’une magnitude similaire. Les répercussions négli-
geables sur les flux nets de CO2 sont largement compensées par les répercussions clima-
tiques directes d’un réchauffement de la température de l’air. Un scénario de réchauffe-
ment élevé mène à un accroissement de RE dépassant significativement l’accroissement
de PPB.
Dans la Taïga des plaines, le dégel du pergélisol a donc des répercussions climatiques
qui s’opposent aux plans biophysiques et biogéochimiques. Dans un climat plus chaud,
le dégel modifie la façon dont les paysages interagissent avec le climat, ce qui souligne
la nécessité d’intégrer les changements dans la couverture terrestre attribuable au dégel
dans les modèles du système Terre.
Mots clés: Changement climatique, forêt boréale, tourbière, covariance des tur-




Boreal forests store large amounts of organic carbon and are an important component of
the regional and global climate systems. Climate and land surface are closely coupled
through the land-atmosphere exchange of greenhouse gases, such as CO2 and CH4, and
of energy and water vapor. In lowlands of the North American sporadic permafrost re-
gion, thaw-induced surface subsidence leads to expansion of permafrost-free wetlands
at the expense of boreal forests underlain by permafrost. However, the spatial extent of
these land cover changes and their implications for land-atmosphere interactions are un-
known. In this study, I analyze eddy covariance flux measurements from an organic-rich
boreal forest-wetland landscape in the southern Taiga Plains, NT, Canada. I combine
these measurements with flux footprint modeling, satellite remote sensing data, paleoe-
cological records, and downscaled climate projections to characterize how thaw-induced
land cover change affects land-atmosphere interactions and climate.
In the Taiga Plains ecozone, thaw-induced boreal forest loss currently transforms
the composition and structure of the boreal zone in North America and is of equal im-
portance for tree cover dynamics as wildfire disturbance. Forest loss modifies land-
atmosphere energy fluxes through changes in aerodynamic and ecophysiological land
surface properties. On the one hand, increasing albedo decreases total turbulent energy
fluxes (i.e., sensible (H) and latent heat (LE) flux), and on the other hand decreasing
surface roughness and increasing wetness enhances LE at the expense of H. The result-
ing maximum summer air temperatures and humidity would be substantially colder (1-2
◦C) and wetter (2 mmol mol-1) in a hypothetical permafrost-free wetland landscape, as
indicated by planetary boundary layer model simulations.
In contrast to the regional biophysical climate cooling impact of thaw-induced land
cover change, wetland expansion and related increases in landscape CH4 emissions in-
duce a net global biogeochemical climate warming impact. At the current rate of wetland
expansion in the southern Taiga Plains of 0.26 % yr-1, landscape CH4 emissions increase
by 0.034 g CH4 m
-2 yr-1. Typical rates of long-term net CO2 uptake in these landscapes
are too small to neutralize the associated climate warming effect until the end of the 21st
century.
The rapidly thawing boreal forest-wetland landscape still acts as a net CO2 sink tak-
ing up 74 g CO2 m
-2 yr-1. Wetland expansion does not affect landscape-level net CO2
uptake as changes in gross primary productivity (GPP) and ecosystem respiration (ER)
are of similar magnitude. The negligible thaw-induced effects on net CO2 fluxes are
contrasted by larger direct climate change impacts of warming air temperatures and re-
duced incoming shortwave radiation. For a high warming scenario (RCP8.5), increases
in modeled ER outpace the increasing GPP significantly. For a moderate warming sce-
nario (RCP4.5), ER and GPP increase are of similar magnitude.
Thaw-induced land cover change in the Taiga Plains causes thus biophysical and
biogeochemical climate impacts of opposite sign and at contrasting scales of impacts
(regional vs. global). In an increasingly warmer climate, thawing permafrost alters
how boreal landscapes interact with climate highlighting the need to incorporate thaw-
induced land cover changes into global Earth system models.
Keywords: Climate change, boreal forest, wetlands, eddy covariance, land cover
change, permafrost, carbon dioxide, methane, evapotranspiration, remote sensing.
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1.1 Boreal forests and permafrost in the climate system
In the boreal zone, climate change is expected to alter landscape composition and
structure (e.g., Koven, 2013). Warmer air temperatures improve growing conditions
at the boreal-tundra ecotone inducing enhanced growth of shrubs and northward tree-
line shifts (e.g., Myers-Smith et al., 2011; Ohse et al., 2012). Enhanced fire frequency,
size, and severity may increase the cover of deciduous tree species at the expense of
coniferous species (e.g., Beck et al., 2011b; Weber and Flannigan, 1997), and thaw-
ing permafrost results in the expansion of permafrost-free wetlands at the expense of
black spruce forests in lowland regions of the sporadic permafrost zone (e.g., Quinton
et al., 2011). Such climate-induced land cover changes potentially influence regional
and global climates through altered land-atmosphere interactions (Davies-Barnard et al.,
2015). The resulting effects on climate can be classified into biogeochemical and bio-
physical impacts (Chapin et al., 2000). Biogeochemical impacts are caused by changes
in the net exchange of well-mixed greenhouse gases between land and atmosphere and
directly affect the global climate through their effect on atmospheric long wave radiation
(e.g., Davin et al., 2007). In the boreal zone, such climate impacts are mainly related to
fluxes of carbon dioxide (CO2) and methane (CH4). Biophysical impacts are caused by
changes in the net land-atmosphere exchange of energy and water vapor (H2O) result-
ing in altered atmospheric longwave radiation (through atmospheric water vapor content)
and in shifts in net shortwave radiation (through albedo) or in the partitioning of available
energy into latent and sensible heat. Biophysical climate impacts are most pronounced
on regional scales (e.g., Alkama and Cescatti, 2016), while biogeochemical climate im-
pacts affect global climate through changes in the global atmospheric greenhouse gas
budget (Davin et al., 2007) (Fig. 1.1). The net climate impacts from both biogeochem-
ical and biophysical changes will thus determine how thaw-induced land cover change
affects the climate of the boreal zone (Chapin et al., 2000). Local studies have reported
an acceleration of thaw-induced wetland expansion in the sporadic permafrost zone of
Alaska and northwestern Canada (Baltzer et al., 2014; Lara et al., 2016; Quinton et al.,
2011), but it remains unclear how these land cover changes interact with regional and
global climates.
In this thesis, I aim to provide a better functional understanding of the impact of
permafrost thaw-induced wetland expansion on land-atmosphere interactions in lowland
boreal forest-wetland landscapes, more specifically on the land-atmosphere exchange of
energy, H2O, CO2, and CH4. Understanding how these interactions change in a warming
climate is an important prerequisite to predict climate feedbacks in the boreal zone (e.g.,
Euskirchen et al., 2016).
Figure 1.1 – Land-atmosphere interactions and their impact on the regional and the
global climate. Photograph shows thawing boreal forest-wetland landscape at Scotty
Creek. Adapted from Chapin et al. (2000).
I focus on land-atmosphere interactions in the southern Taiga Plains, a lowland re-
gion at the southern limit of permafrost in northwestern Canada. There, wetland ex-
pansion and forest loss has been observed as a result of accelerated permafrost thaw
2
(Baltzer et al., 2014; Quinton et al., 2011). Boreal landscapes in the Taiga Plains have
accumulated large soil organic carbon (C) stocks as peat (Robinson and Moore, 1999).
With about 70 Pg organic C, surface soils (0 - 3m) in the Taiga Plains store about 15
% of the surface organic C pool of the North American permafrost zone and 7 % of the
surface organic C pool of the northern circumpolar permafrost zone (data from Hugelius
et al., 2013, Fig. 1.2). Large parts of the Taiga Plains are characterized by landscapes
comprising a mix of peat-accumulating forest and wetland ecosystems (i.e., peatlands)
with a maximum peat thickness of 5 m (Aylsworth et al., 1993). In the southern Taiga
Plains, thawing permafrost in organic-rich soils leads to rapid surface subsidence (i.e.,
thermokarst) abruptly increasing moisture in the surface soils (Baltzer et al., 2014; Ole-
feldt et al., 2016). The altered growing conditions favor the growth of aquatic species
(e.g., Sphagnum spp. and Carex) and lead to a decline of black spruce (Picea mari-
ana) and shrub cover, overall changing the vegetation composition of these landscapes
(Camill et al., 2001). Both changing hydrological and thermal soil conditions and shifts
in vegetation composition and structure may result in a modified net land-atmosphere










































































































































































Quantifying impacts of thaw-induced land cover change on regional and global cli-
mates requires knowledge on both the rate of land cover change (e.g., percentage of
wetland expansion per year) and on the direct effect of land cover change on land-
atmosphere interactions (e.g., increase in net CH4 flux per m
2 of forest-to-wetland con-
version). Land-atmosphere interactions are the result of interactions between atmo-
spheric (meteorological) forcing (e.g., air temperature or solar radiation) and an ecosys-
tem (or landscape) response to such a forcing (e.g., light-response curve of gross canopy
photosynthesis, surface conductance response to water vapor pressure deficit, Sellers
et al., 1997, Fig. 1.3). In a warmer climate, net exchanges of energy, H2O, CO2, and
CH4 in the boreal zone will be altered directly by changes in meteorological forcing
(e.g., warmer air and soil temperatures; Fig. 1.3b) and indirectly through changes in the
ecosystem (or landscape) response to meteorological forcing (e.g., stronger sensitivity
of methane production to temperature; Fig. 1.3b). In this thesis, I mainly focus on how
thaw-induced wetland expansion alters landscape responses to meteorological forcing.

























































Figure 1.3 – Conceptual models of direct and indirect climate change effects on land-
atmosphere interactions. Solid and dashed black lines indicate a change in ecosystem
response (i.e., indirect) to a meteorological forcing regarding (a) gross primary produc-
tivity (light), (b) methane production (temperature), and (c) surface conductance (vapor
pressure deficit). Solid and dashed gray lines indicate a change in the respective meteo-
rological forcing (i.e., direct effect).
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1.2 Land-atmosphere interactions and their meteorological and environmental
drivers
Net landscape exchanges of sensible heat, H2O (i.e., latent heat), CO2, and CH4
are controlled by different environmental and meteorological conditions. Thaw-induced
wetland expansion, and related changes in environmental conditions, could therefore
result in impacts on land-atmosphere interactions differing in magnitude or in direction,
depending on the specific changes in their respective environmental and meteorological
drivers. For example, forest-to-wetland conversion increases albedo and directly reduces
the total energy available for sensible, latent, and ground heat flux (Betts and Ball, 1997),
but thaw-induced eco-physiological changes in soil moisture conditions and vegetation
structure and composition control how much of this energy is partitioned into sensible
and latent heat (Stiegler et al., 2016). Together, albedo and eco-physiological changes
may modify both surface temperatures and air temperature and humidity in the planetary
boundary layer, and thus regional climate (Juang et al., 2007b).
The net ecosystem and landscape exchanges of CO2 and CH4 are the result of com-
plex interactions of a multitude of processes. Net CO2 exchange is the balance of two
larger component fluxes: gross primary productivity (GPP) and ecosystem respiration
(ER) (Chapin et al., 2006). GPP is mainly controlled by the interaction of light, air
temperature, and atmospheric water demand as meteorological forcing (e.g., Hill et al.,
2011; Lasslop et al., 2010; Luyssaert et al., 2007; Novick et al., 2016; Tanja et al., 2003)
and by vegetation and ecosystem characteristics such as leaf area index, nutrient and
soil moisture availability determing the response to these forcing variables (e.g., Kim-
ball et al., 1997; Krishnan et al., 2006; Ueyama et al., 2013; Wieder et al., 2015). ER is
mainly driven by air and soil temperature and moisture controlling temporal dynamics
in the rate of autotrophic (i.e., living biomass) and heterotrophic (i.e., microbial decom-
position in soils) respiration (Dunn et al., 2007; Krishnan et al., 2006; Lafleur et al.,
2005; Ueyama et al., 2014). How ER responds to these meteorological and environ-
mental forcings depends on biomass and vegetation composition (e.g., young versus old
forest stands) and on litter quality, nutrient availability, and the amount of decompos-
6
able soil organic C (e.g., Cleveland et al., 2013; Davidson and Janssens, 2006; Kimball
et al., 1997; Larmola et al., 2013; Yuan et al., 2008). In boreal permafrost peatlands,
the amount of soil organic C available for microbial decomposition depends on soil
thaw depth as microbial activity is strongly suppressed below the freezing point (e.g.,
Dioumaeva et al., 2002; McConnell et al., 2013; Schädel et al., 2016; Schuur et al.,
2015). Thus, increasing thaw and eventual disappearance of permafrost in these soils
may enhance heterotrophic respiration and, consequently, also ER (Schädel et al., 2016).
Being a microbial process similar to heterotrophic respiration of CO2, CH4 produc-
tion by methanogens in soils responds to variations in soil temperature, litter quality,
and nutrient availability (Chanton et al., 2008; Dunfield et al., 1993; Prater et al., 2007;
Yavitt et al., 2006). In contrast to heterotrophic respiration of CO2, CH4 production is
enhanced under anoxic conditions (e.g., Lee et al., 2012; Schädel et al., 2016) and varies
therefore with water table fluctuations (Bubier et al., 2005; Kettunen et al., 1999). How-
ever, only a fraction of the produced CH4 reaches the surface and is transported into the
atmosphere. How much CH4 is oxidized by methanotrophs depends again on several
environmental factors such as water table depth (i.e., depth of the oxic soil layers), soil
temperature and moisture, and the density of plants with aerenchyma tissue allowing
CH4 to bypass the oxidation layers through the roots (e.g., Flessa et al., 2008; Joabsson
et al., 1999; Sundh et al., 1994; Treat et al., 2007).
At the southern limit of the permafrost zone in North America, both meteorolog-
ical conditions (see climate change projections for a boreal landscape in the sporadic
permafrost zone of northwestern Canada in Fig. 1.4) and landscape structure and com-
position (e.g., landscape hydrology, leaf area index; Baltzer et al., 2014) are rapidly
changing in a warming climate. An improved understanding of the impact of these
changes on the close coupling between land surface and atmosphere is therefore needed
to improve future climate projections. Many of the above-mentioned individual con-
trols on land-atmosphere interactions are well understood. However, the magnitude, or
in some cases even the direction of the impacts of thaw-induced wetland expansion on
land-atmosphere interactions remains poorly constrained due to the multitude of com-
plex interactions between meteorological and environmental controls and the respective
7
ecosystem responses. Better constraining these climate change impacts requires efforts
to quantify thaw-induced land cover change rates and their effect on land surface charac-
teristiscs. At the southern edge of the permafrost zone, where thawing boreal landscapes
are rapidly being transformed, direct measurements of net landscape exchanges of sensi-
ble heat, H2O, CO2, and CH4 provide an important opportunity to monitor, investigate,
and quantify impacts of thaw-induced land cover change on land-atmosphere interac-
tions.



















































































































Figure 1.4 – Projected end-of-21st-century changes (2091-2100) in (a-d) near-surface
air temperature (Ta), (e-h) incoming shortwave radiation (SWin), and (i-l) precipitation
compared to the current conditions (2006-2015). Changes are shown for two representa-
tive concentration pathways (RCP4.5 and RCP8.5) and for four seasons. Colors of bars
indicate the regional/global climate model combination. Positive values indicate larger
Ta, SWin, and precipitation at the end of the 21st century.
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1.3 Methodological approaches to characterize changing land-atmosphere inter-
actions
1.3.1 Eddy covariance flux measurements
Energy and matter are transported between the land surface and the atmosphere with
up- and downward moving air parcels due to turbulent atmospheric motions. The turbu-
lent flux (densities) of energy and matter (in J m-2 s-1 and mol m-2 s-1, respectively) can
be derived with the eddy covariance technique from the covariance of high-frequency
fluctuations of vertical wind speed and air temperature (Ta, ◦C), H2O, CO2, or CH4 con-
centration (or density) (Baldocchi, 2014, 2003). High-frequency vertical wind velocity
and Ta are usually derived from speed-of-sound measurements with sonic anemome-
ters. High-frequency H2O, CO2, or CH4 densities are measured with infrared CO2/H2O
gas analyzers and laser-based CH4 gas analyzers (e.g., Detto et al., 2011; Leuning and
Moncrieff, 1990). Two types of gas analyzer systems are currently used for eddy co-
variance measurements: open- and closed-path systems (Fig. 1.5). Open-path gas ana-
lyzers measure molar densities in-situ at the measurement height, whereas closed-path
gas analyzers draw air from a tube inlet at measurement height to the spatially separated
measurement cell. In contrast to open-path gas analyzers, closed-path gas analyzers reli-
ably measure molar densities under adverse weather conditions (e.g. rain, dew) (Novick
et al., 2013), but require higher power supply for the operation of the pump drawing sam-
pling air into the optical cell. Lower power consumption and less maintenance demand
of open-path gas analyzers make them particularly suitable for eddy covariance mea-
surements at remote high-latitude field sites where adequate power supply represents a
major constraint on year-round flux measurements (Goodrich et al., 2016). However,
particularly over cold boreal forests, turbulent CO2 flux measurements with open-path
gas analyzers have been shown to be subject to large uncertainties due to their sensitivity
to air temperature and humidity fluctuations (Amiro, 2010). Thus, closed-path gas an-
alyzers have long been the instrument-of-choice for long-term CO2 flux measurements
at such sites (e.g., Goulden et al., 2006). Recent developments in open-path CO2/H2O
and CH4 gas analyzers have improved their performance for high-latitude flux measure-
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ments, now allowing long-term, quasi-continuous measurements of turbulent fluxes of
energy, H2O, CO2, and CH4 at remote field sites (Fig. 1.6a, Goodrich et al., 2016; Helbig
et al., 2016a).
Figure 1.5 – (a) Eddy covariance CO2/H2O flux measurement setup with sonic
anemometer and open- and closed-path infrared CO2/H2O gas analyzers. (b) Eddy co-
variance CH4 flux measurement setup with sonic anemometer and laser-based CH4 gas
analyzer.
1.3.2 Remote sensing
Recent advances in remote sensing enable global near-realtime Earth observations of
a wide variety of land surface characteristics derived from spectral signatures measured
with optical sensors. In-situ measurements of land-atmosphere interactions (e.g., eddy
covariance flux measurements) provide in-depth insights into land surface processes, but
measurement footprints are restricted to a limited spatial extent (e.g., 1 km2, Schimel
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et al., 2015). Combining in-situ measurements with satellite remote sensing data thus
improves the capability to assess changes in land-atmosphere interactions at broader
spatial scales (e.g., from local to regional to global). Since 2000, Moderate Resolution
Imaging Spectroradiometer (MODIS) products with a resolution of <1 km provide con-
tinuous time series of vegetation structure variables, such as percentage of tree cover
(e.g., Potapov et al., 2008), of land surface properties, such as land surface temperature
(e.g., Mildrexler et al., 2011, Fig. 1.6b) and albedo (e.g., Jin et al., 2003), or of active
wildfire perimeters (e.g., Justice et al., 2002). Combined with forest service ground
observation data, the latter improve wildfire activity monitoring in remote high-latitude
regions (e.g., Canadian National Fire Information System, Burton et al., 2008). With
time series exceeding ten years, these products provide powerful tools to assess how
spatio-temporal patterns in landscape structure affect land surface properties (e.g., Jin
et al., 2012) and how land cover and vegetation structure change over time (e.g., Hansen
et al., 2010).
1.3.3 Paleoecological methods
In boreal peatlands, where large organic C stocks have accumulated over centuries
to millenia (e.g., Treat et al., 2016), paleoecological methods can reveal important in-
formation on long-term apparent C accumulation rates (LARCA, Fig. 1.6c) and com-
plement contemporary short-term measurements of net CO2 and CH4 exchange (Roulet
et al., 2007). The peatland LARCA is the result of long-term net CO2 uptake, net CH4
release, and the net lateral export of dissolved organic C (DOC) (Roulet et al., 2007).
Assuming that lateral export of DOC in permafrost environments is relatively small
compared to net CO2 and CH4 fluxes (Moore, 2003; Olefeldt et al., 2012), LARCA
approximates the balance of net CO2 uptake and CH4 release. Both C fluxes can be
measured with the eddy covariance technique (except for losses due to fire disturbance
Chapin et al., 2006). Their long- and short-term balance (i.e., LARCA and eddy covari-
ance) can thus be analyzed to gain insights into historical and contemporary peatland
development (Roulet et al., 2007). Recent synthesis studies of peatland LARCAs across
the circumpolar permafrost zone (Treat et al., 2016) provide important information to
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compare site-specific direct measurements of net C (C-CO2 and C-CH4) fluxes to long-
term C dynamics of similar peat-accumulating landscapes.
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Figure 1.6 – (a) Net landscape CO2 flux (NEELAND) measurements of a boreal forest-
wetland landscape. (b) MODIS-derived land surface temperature at the end of the snow
melt period in 2014 for an area surrounding the flux tower location in the southern Taiga
Plains. (c) Boxplots of long-term apparent rates of carbon accumulation (LARCA) for
three boreal peatland types in the permafrost zone of North America (data from Treat
et al., 2016). (d) Downscaled and debiased projections of air temperatures (50 km x
50 km) at the flux tower site from six regional climate/Earth system model simulations.




1.3.4.1 Combining simple models of land-atmosphere interactions with eddy co-
variance flux data
Eddy covariance measurements of net landscape exchange of energy, H2O, CO2,
and CH4 allow to quantify annual and monthly budgets and to characterize their sea-
sonal dynamics. However, modeling approaches are required to improve the under-
standing of underlying processes and to assess potential future impacts on net energy,
H2O, CO2, and CH4 exchanges (e.g., Fisher et al., 2014; Prinn, 2013). For example,
simple atmospheric boundary layer models combined with sensible and latent heat eddy
covariance flux measurements enable quantifying the impact of land cover change on
near-surface climates (e.g., convective rainfall or near-surface air temperatures, Baldoc-
chi and Ma, 2013; Juang et al., 2007a). The underlying changes in land surface and
vegetation properties can be derived by combining surface layer theory (e.g., Monin-
Obukhov similarity), simple bulk models of vegetation controls on evapotranspiration,
and eddy covariance measurements of sensible and latent heat fluxes (e.g., Betts et al.,
1999). Similarly, light- and temperature-response models are used with net CO2 flux
measurements to derive the component fluxes GPP and ER and to characterize differen-
tial ecosystem responses to meteorological forcing (e.g., Lasslop et al., 2010; Reichstein
et al., 2005; Runkle et al., 2013).
1.3.4.2 Flux footprint modeling
Thawing permafrost in boreal lowlands leads to highly fragmented landscapes with a
pronounced small-scale land cover heterogeneity (Baltzer et al., 2014), potentially also
reflected in a pronounced small-scale hetereogeneity in net fluxes of energy, H2O, CO2,
and CH4 (e.g., Bubier et al., 1995; Stiegler et al., 2016). The spatial heterogeneity in
surface fluxes is captured by eddy covariance flux measurements when changes in atmo-
spheric conditions (e.g., wind direction, atmospheric stability) shift the source area (i.e.,
the flux footprint) of the measured flux (e.g., Griebel et al., 2016). The variability in
eddy covariance flux measurements is thus composed of both temporal (e.g., driven by
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changes in soil temperature or light) and spatial flux dynamics (i.e., driven by footprint
variability). Recent developments in flux footprint models (e.g., Kljun et al., 2015)
allow delineating the source areas of half-hourly flux measurements. Combined with
high-resolution land cover classification maps, half-hourly contributions from individ-
ual land cover types can be quantified (e.g., Helbig et al., 2016b). This information can
be used to disentangle the temporal and spatial signals in eddy covariance fluxes and to
resolve spatio-temporal dynamics in land-atmosphere interactions in spatially heteroge-
neous landscapes, such as thawing boreal forest-wetland landscapes.
1.3.4.3 Modeling atmospheric greenhouse gas concentrations
Long-term net greenhouse gas (CO2 and CH4) exchange determines if ecosystems
and landscapes are sources or sinks of these gases to the atmosphere (Chapin et al.,
2006). Atmospheric concentration models are capable of translating the net ecosystem
or landscape greenhouse gas exchange into a metric of its (warming or cooling) impact
on global climate: the net radiative forcing (Neubauer and Megonigal, 2015). Radiative
forcing is defined as the imbalance in the Earth system’s energy balance (in W m-2,
Myhre et al., 2013) imposed by a specific perturbation (e.g., change in net CO2 or CH4
exchange) excluding the effects of non-radiative processes (e.g., energy partitioning) on
lower atmosphere temperatures (Davin et al., 2007). Boreal peatland landscapes usually
act as long-term CO2 sinks and CH4 sources to the atmosphere, but their impact on global
climate may change over the course of their development as a function of CO2 sink and
CH4 source strengths (e.g., Frolking et al., 2006; Treat et al., 2016). Atmospheric CO2
and CH4 concentration models are therefore essential for quantifying and projecting
the temporal evolution of net radiative greenhouse gas forcing from land cover change-




How land-atmosphere interactions of boreal landscapes will change in the future de-
pends on changes in physical and biological properties of the land surface and on changes
in meteorological conditions in a warmer climate. Altered land surface properties affect
ecosystem responses to meteorological forcing, which can be derived from direct mea-
surements of net landscape exchanges of energy, H2O, CO2, and CH4 (see above). Earth
system models (ESM) simulate the temporal evolution of global climate by coupling in-
dividual sub-models for the atmosphere, the ocean, sea, ice, and the land surface (Prinn,
2013). The simulated climate projections provide information on important meteorolog-
ical variables, such as Ta, solar radiation, and precipitation at a high temporal but low
spatial resolution (Potter et al., 2013). Dynamical downscaling couples regional climate
models (RCM) to ESMs (e.g., Garnaud and Sushama, 2015) and increases the spatial
resolution of ESM projections (e.g., from 1◦ x 1◦ to 50 km x 50 km, Fig. 1.6d). Com-
bining analyses of ecosystem responses to meteorological forcing with downscaled pro-
jections of meterological forcing then allows evaluating potential direct climate change
impacts (i.e., from altered meteorological conditions) on land-atmosphere interactions.
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1.4 Research objectives
The overall goal of this thesis is to provide a better functional understanding of the
impact of permafrost thaw-induced wetland expansion on land-atmosphere interactions
in lowland boreal forest-wetland landscapes of northwestern Canada. The objectives
toward this goal include the evaluation of
— the importance of permafrost thaw for regional dynamics of landscape structure
in northwestern Canada (Chapter 2),
— the biophysical impact of thaw-induced wetland expansion on land-atmosphere
interactions and on regional climate (Chapter 3),
— the biogeochemical climate impact of a thaw-induced increase in net CH4 emis-
sions in comparison to long-term net CO2 uptake of boreal forest-wetland land-
scapes (Chapter 4), and
— thaw-induced indirect climate change effects on boreal forest-wetland landscape
net CO2 exchange and direct climate change effects of projected changes in me-
teorological forcing (Chapter 5).
To achieve these objectives, eddy covariance flux measurements, remote sensing,
paleoecological records, and modeling approaches (Fig. 1.6) are combined to charac-
terize the multi-scale impacts of thawing permafrost on land-atmosphere interactions in
the southern Taiga Plains, Canada. More specifically, the research focusses on chang-
ing land-atmosphere interactions at Scotty Creek (61◦18’ N; 121◦18’ W, NT, Canada), a
watershed in the sporadic permafrost zone experiencing rapid permafrost thaw and con-
current wetland expansion (Quinton et al., 2011). The results of this thesis provide de-
tailed insights into the thaw-induced changes in key ecosystem and landscape processes
and their coupling to the atmosphere. To better constrain future pathways of global
and regional climates, global climate models require an improved representation of such
land-atmosphere interactions in the boreal zone in their land surface model components
(e.g., Ekici et al., 2014; Koven et al., 2011; Lee et al., 2012; Piao et al., 2013).
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CHAPTER 2
PERMAFROST THAW AND WILDFIRE: EQUALLY IMPORTANT DRIVERS
OF BOREAL TREE COVER CHANGES IN THE TAIGA PLAINS, CANADA
Context within the thesis
The present chapter assesses the role of permafrost thaw and wildfire disturbance
as controls on boreal forest tree cover dynamics in the Taiga Plains ecozone, stretch-
ing from the permafrost-free boreal forest in the south to the boreal-tundra ecotone on
continuous permafrost in the north. In the boreal zone, fire disturbance effects on large-
scale boreal forest structure have received a lot of attention. However, local-scale studies
have indicated that thawing permafrost may be an important additional driver of recent
forest loss (and wetland expansion) in boreal lowlands (Baltzer et al., 2014; Lara et al.,
2016). In this study, I demonstrate that thawing permafrost is equally important to fire
disturbance for recent boreal tree cover dynamics in the Taiga Plains highlighting its im-
portant role in a global environmental change context. The results of this study illustrate
how thaw-induced forest loss and wetland expansion may modify the future large-scale
boreal forest structure in the circumpolar permafrost zone. Thus, Chapter 2 provides the
framework for the detailed analyses of land-atmosphere interactions in Chapter 3-5.
2.1 Abstract
Boreal forests cover vast areas of the permafrost zones of North America, and changes
in their composition and structure can lead to pronounced impacts on the regional and
global climate. We partition the variation in regional boreal tree cover changes between
2000 and 2014 across the Taiga Plains, Canada, into its main causes: permafrost thaw,
wildfire disturbance, and post-fire regrowth. Moderate Resolution Imaging Spectrora-
diometer Percent Tree Cover (PTC) data are used in combination with maps of his-
toric fires, and permafrost and drainage characteristics.We find that permafrost thaw is
equally important as fire history to explain PTC changes. At the southern margin of the
permafrost zone, PTC loss due to permafrost thaw outweighs PTC gain from post-fire
regrowth. These findings emphasize the importance of permafrost thaw in controlling re-
gional boreal forest changes over the last decade, which may become more pronounced
with rising air temperatures and accelerated permafrost thaw.
2.2 Introduction
The world’s boreal forests are an integral component of the regional and global cli-
mate systems affecting biosphere-atmosphere interactions and large-scale circulation
patterns (Betts and Ball, 1997; Bonan, 2008; Bonan et al., 1992; Chapin et al., 2000;
Eugster et al., 2000; Foley et al., 1994; Kurz et al., 2013). In addition, boreal forests
provide important ecosystem services to societies (Brandt et al., 2013). Global change
is expected to impact forest composition, structure, and function with potentially detri-
mental effects on boreal forest health (Gauthier et al., 2015).
About 80 % of the global boreal forests occur in the circumpolar permafrost zone
(Tab. I.I). In North America, the northernmost boreal forests grow on relatively cold per-
mafrost (e.g., < -1.5◦C (Smith et al., 2005)) at the transition from the continuous (i.e.,
> 90% in areal extent) to the discontinuous (> 50% - 90% in areal extent) permafrost
zone (Fig. 2.1) (Brandt et al., 2013; Tarnocai et al., 2009). More southern boreal forests
occur in areas with isolated (≤ 10% in areal extent), sporadic (> 10% - 50% in areal
extent), and discontinuous permafrost, where permafrost is in disequilibrium with the
current climate, and its presence is mainly driven by ecosystem properties (e.g., veg-
etation structure, organic layer thickness, snow depth, and soil moisture) (Jorgenson
et al., 2010; Shur and Jorgenson, 2007). If permafrost is relatively warm and thin, cli-
mate warming can cause its rapid disappearance (e.g., Quinton et al., 2009; Smith et al.,
2005). In poorly drained, low-lying landscapes, where ice-rich permafrost is widespread
(Shur and Jorgenson, 2007), concurrent surface subsidence may lead to waterlogging
and declining forest cover (e.g., Baltzer et al., 2014; Camill and Clark, 1998; Jorgenson
and Osterkamp, 2005).
Thawing permafrost (e.g., Baltzer et al., 2014; Jorgenson and Osterkamp, 2005),
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wildfires (e.g., Goetz et al., 2012), insect outbreaks (e.g., Price et al., 2013), and droughts
(e.g., Barber et al., 2000) represent major natural disturbances (Brandt et al., 2013) lead-
ing to short- or long-term local decline in boreal forest, depending on post-disturbance
trajectories (Liu et al., 2011). Climate warming (e.g., Chapin and Starfield, 1997; Kauppi
et al., 2014) and post-fire succession (e.g., Goulden et al., 2011; Liu et al., 2011) have
been shown to enhance vegetation growth. A decline in satellite-observed boreal forest
productivity has been observed at its southern margin in North America, despite concur-
rent increases in Ta and atmospheric CO2 concentrations, while increased productivity
has been detected across the boreal tundra ecotone (Beck et al., 2011b; Goetz et al.,
2005). The causes of these contrasting productivity trends are not fully understood, and
it remains unclear how they translate into changes in boreal forest structure and compo-
sition (e.g., Beck et al., 2011a; Williams et al., 2011). While the impacts of permafrost
thaw, wildfire, and post-fire regrowth on boreal forest composition and structure have
been quantified on local scales (e.g., Baltzer et al., 2014; Johnstone and Chapin, 2006;
Osterkamp et al., 2000) or separately on larger scales (Goetz et al., 2006; Jin et al., 2012;
Rogers et al., 2015), no attempts have been made yet to characterize regional-scale bo-
real forest dynamics in relation to the joint effects of these three drivers.
The goal of this study is to partition the contribution of permafrost thaw, wildfire, and
post-fire regrowth to recent tree cover changes across the Taiga Plains in northwestern
Canada (Fig. 2.1a), an ecozone consisting to two thirds of lowland boreal forests on thick
overburden cover or ice-rich permafrost. Such landscapes account for about 20 % of the
global boreal zone and are also found in northeastern Canada (Hudson and James Bay
lowlands), across the Western Siberian lowlands, and in some parts of interior Alaska
(Tab. I.I) (Brown et al., 2002; Gruber, 2012; Olson et al., 2001). To meet this goal, we
analyzed remote sensing-derived tree cover data, maps of wildfires, and permafrost and
drainage characteristics. We hypothesize that permafrost thaw, and ultimately disappear-
ance, exerts a strong control on recent regional boreal forest tree cover changes at the
























Figure 2.1 – (a) Permafrost zones across North America (derived from the continuous
Permafrost Zonation Index, PZI, by Gruber (2012), i.e., isolated permafrost < 0.1 PZI,
0.1 PZI ≤ sporadic permafrost < 0.5 PZI, 0.5 PZI ≤ discontinuous permafrost < 0.9
PZI, continuous permafrost ≤ 0.9 PZI). The Taiga Plains ecozone is outlined with a
continuous black line. (b) Surface elevation of the Taiga Plains and (c) wildfire perime-




The Taiga Plains cover an area of about 550000 km2 and are dominated by black
spruce forests in the lowlands and by mixed-wood forests in the foothills of cordilleran
mountain ranges and uplands. Wetlands are found throughout the boreal forest land-
scapes of the Taiga Plains and cover approximately 25 % to 50 % of the area (Ecological
Stratification Working Group, 1995). The Taiga Plains are characterized by a latitudinal
permafrost gradient (from north to south: continuous, discontinuous, sporadic, isolated,
and no permafrost; Fig. 2.1a), following mean annual air temperatures (MAATs) and
mean annual precipitation (MAP) gradients with a MAAT and MAP of 2.5◦C and 390
mm at Fort Simpson, 5.0◦C and 303 mm at Norman Wells, and 5.6◦C and 240 mm at Fort
Good Hope, respectively (2000 - 2014; Fig. 2.1b) (Environment Canada, 2014). Wild-
fires occur frequently across the Taiga Plains, resulting in a variety of regrowth stages
depending on the year of fire (Fig. 2.1c).
Recent advances in satellite-derived discrete forest and continuous tree cover esti-
mates enable consistent long-term monitoring and quantification of global and regional
forest and tree cover changes (Hansen et al., 2013; Potapov et al., 2008). We used an-
nual continuous Percent Tree Cover (PTC) data from the Moderate Resolution Imaging
Spectroradiometer (MODIS) Vegetation Continuous Fields product (MOD44B), and we
tested the impact of subgrid variability on the quantification of regional PTC. No sig-
nificant differences were found between regional PTC estimates based on a 30 m and
a 500 m resolution tree cover product. To assess permafrost and wildfire impacts on
PTC changes, we used maps of the Permafrost Zonation Index (PZI) (Gruber, 2012) and
yearly wildfire perimeters (1965 - 2014, Canadian National Fire Database [CNFDB])
(Burton et al., 2008; Epp and Lanoville, 1996; Stocks et al., 2003). In the Taiga Plains,
declining tree cover has been mainly observed in poorly drained landscapes with thaw-
ing, ice-rich permafrost (e.g., Baltzer et al., 2014). To quantify the importance of drainage
conditions, we analyzed changes in regional PTC for poorly drained and well-drained
areas across permafrost zones separately using drainage class information from the Soil
Landscapes of Canada (SLC) database. Drainage classes were aggregated to form a
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poorly drained class (including imperfectly and poorly drained SLC classes) and a well-
drained (including well-drained and rapidly drained SLC classes) class (Agriculture and
Agri-Food Canada, 2010). All data sets were resampled to a resolution of 500 m.
To quantify changes in PTC, the absolute change in PTC (∆PTC, %) was defined as
the difference between the mean 2012 - 2014 per-pixel PTC and the mean 2000 - 2002
per-pixel PTC. Three year means were used to reduce noise caused by random errors
(e.g., Montesano et al., 2009; Wolfe et al., 2002; Xin et al., 2013).
Abrupt decreases in PTC are mainly caused by wildfire disturbances (Liu et al., 2011;
Song et al., 2014). Gradual decreases and increases of PTC across the Taiga Plains
can be attributed to three main processes: (i) thawing and disappearance of permafrost
along its southern edge, (ii) post-fire regrowth of vegetation, and (iii) positive impacts
of warmer Ta on the growth of woody vegetation. Other processes that have been found
to initiate tree cover changes, such as harvest and insect outbreaks, are considered to be
negligible in the study region (Burton et al., 2003; Kurz and Apps, 1999; Kurz et al.,
2013). We tested if regional drought frequencies have changed over the last few decades
using gridded time series of the Palmer Drought Severity Index (Dai, 2011) across the
Taiga Plains. No significant increases in the annual frequency of months with severe
droughts between the periods 1980 to 1999 and 2000 to 2014 were found. Thus, we
conclude that drought impacts play a minor role in recent PTC dynamics across the
Taiga Plains.
To disentangle the main drivers of regional ∆PTC, we used regression analysis to
explain regional ∆PTC with permafrost thaw (using mean PZI, mPZI, of a region as
proxy), wildfires (using the fraction affected by recent fires as proxy; FRfire, i.e., 2003
to 2014), and post-fire regrowth (using the fraction affected by historical fires as proxy;
FRregrowth, i.e., 1965 to 2002). Only regions within the permafrost zone (i.e., PZI ≤
0.05) and with less than 10% surface water coverage or missing data were used in the
regression analysis. The study region was divided into equally sized areas of increasing
dimensions (from 5 km x 5 km to 80 km x 80 km) to assess the performance of the
regression on varying spatial scales. We partitioned the variation in ∆PTC into parts
explained uniquely by FRregrowth, FRfire, mPZI, and into a part that is explained by any
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combination of these three variables (i.e., joint effect) using partial regression analysis
(Peres-Neto et al., 2006).
2.4 Results
Initial PTC (2000 - 2002) varied between 75% in the southwestern Taiga Plains and
no tree cover in western mountainous areas and northern tundra landscapes (Fig. 2.2a).
Across the Taiga Plains, 95% of ∆PTC per pixel was bounded by +12.5% and -12.5%.
Increasing PTC was mainly observed in the central Taiga Plains, while decreasing PTC
occurred mainly in the southern Taiga Plains (Fig. 2.2b). Between 2000 and 2014, mean
PTC across the Taiga Plains increased by 0.9%, i.e., mean initial PTC of 31.8% (2000 -
2002) and 32.7% at the end (2012 - 2014) of the study period.
a b
Figure 2.2 – (a) Percent Tree Cover (PTC) across the Taiga Plains at the beginning of
the study period (i.e., mean PTC between 2000 and 2002) and (b) absolute change in
PTC (∆PTC) defined as difference between the mean PTC at the end of the study period
(mean PTC between 2012 and 2014) and the initial PTC.
∆PTC (for PZI bins of approximately 5000 km2, i.e., 1% of all pixels in the per-
mafrost zone) varied across the permafrost zones with a maximum decrease of 3.8% at
the southern margin of the sporadic permafrost zone (i.e., mPZI = 0.16) and a maximum
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increase of 4.7% at the transition from the sporadic to the discontinuous permafrost zone
(i.e., mPZI = 0.46), where 51% of the area was affected by wildfires between 1965 and
2002. Areas outside the permafrost zone (i.e., PZI < 0 .05) showed slightly negative
∆PTC of -0.6%. In the zone of continuous permafrost, ∆PTC was small and positive
ranging from 0.4% to 1.7% (Fig. 2.3).
Areas affected by wildfires between 1965 and 2002 contributed to an increase in PTC
across all permafrost zones (Fig. 2.3a; green dots). A distinct positive peak in ∆PTC at
the transition from the sporadic to the discontinuous permafrost zone is observed for the
area with the maximum extent of wildfires between 1965 and 2002 (i.e., FRregrowth =
53%). Wildfires after 2002 contributed to decreases in PTC throughout the Taiga Plains
(Fig. 2.3a; red dots). The maximum areal extent of wildfires after 2002 (i.e., FRfire =
20%) was observed in the sporadic permafrost zone (mPZI = 0.39). Areas not affected
by wildfires since 1965 contributed both to decreasing and increasing PTC depending
on their location along the permafrost gradient (Fig. 2.3a; blue dots). At the southern
margin of the permafrost zone, these areas show decreasing PTC, whereas areas with
mPZI > 0.3 show positive ∆PTC.
Regional ∆PTC is affected by abrupt reductions in PTC by wildfires, by increasing
PTC in areas that have burned since 1965 (post-fire regrowth), and by varying contri-
butions (loss or gain in PTC) from areas that have not burned since 1965. Wildfire
(FRfire) and post-fire regrowth (FRregrowth) together with mPZI explain up to 83% of the
variance in ∆PTC (at a scale of 60 km x 60 km, n = 61, p < 0.001; Fig. 2.3b). With
increasingly finer spatial resolution, the adjusted coefficient of determination drops to
0.48 (n = 14,402, p < 0.001) at a scale of 5 km x 5 km (Fig. 2.3b, dashed black line).
While linear models describe best the relationship between FRfire, FRregrowth, and ∆PTC
(Fig. I.1), a sigmoidal model describes adequately the relation between mPZI and ∆PTC
(Fig. 2.3a), indicating a nonlinear dependence of permafrost thaw on mPZI. Wildfires
explain the smallest part of the variance in ∆PTC with a maximum of 8% at scales be-
tween 25 km2 and 400 km2 and a minimum of 1% at 3600 km2 (Fig. 2.3b, solid red line).
The parts of the variance explained uniquely by mPZI are always larger than the parts
explained by FRregrowth, except for the smallest (i.e., 25 km2) and the largest scales (i.e.,
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6400 km2). The variance explained by mPZI increases to 29% at the 4225 km2 scale,
while the maximum unique contribution of FRregrowth peaks at 18% at 3600 km2. The
joint part increases from 13% to 53% from the smallest to the largest scale, respectively,
indicating an increasing covariation between FRregrowth and mPZI with increasing spatial
scale (Fig. 2.3b; solid black line and Tab. I.II).
Decreasing PTC in areas not affected by wildfires since 1965 was only observed in
the southern part of the sporadic and in the isolated permafrost zones and in the zone
with no permafrost. Decreases in PTC mainly occurred in poorly drained landscapes
with maximum declines of 2.9% in the isolated permafrost zone. In contrast, well-
drained landscapes in the isolated and sporadic permafrost zones and in the zone of no
permafrost were characterized by small ∆PTC between +0.1% and -0.3%. Well-drained
and poorly drained landscapes in the discontinuous permafrost zone experienced both
increases in PTC of 1.6% and 1.3%, respectively. Increases in PTC in the continuous
permafrost zone were larger for well-drained areas compared to poorly drained areas
with 1.5% and 0.1%, respectively (Fig. 2.4).
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Figure 2.3 – (a) Contributions from areas affected by wildfire (i.e., wildfires between
2003 and 2014), post-fire regrowth (i.e., wildfires between 1965 and 2002), and from
areas with no wildfires since 1965 (red, green, and blue dots, respectively) to changes in
Percent Tree Cover (∆PTC) between the periods 2000 - 2002 and 2012 - 2014. Data are
binned according to mean Permafrost Zonation Index (mPZI) (1% bins, i.e., 5243 km2
per bin). The sum of red, green, and blue dots represents net ∆PTC per bin. Red and
green solid lines show modeled ∆PTC for fire and regrowth areas using a linear model of
the fraction of the bins affected by wildfires between 2003 and 2014 per bin (FRfire, red
line, r2 = 0.68, p < 0.001) and the fraction of the bins affected by wildfires between 1965
and 2002 (FRregrowth, green line, r2 = 0.82, p < 0.001), respectively. The solid blue line
shows modeled ∆PTC for areas with no wildfires after 1965 using a sigmoidal model of
mPZI (R2 = 0.93, p < 0.001). The shaded area depicts the 95% confidence interval of
the regressions, derived from 1,000 bootstrap realizations of the original data set. Areas
outside the permafrost zone are excluded from the model fit. (b) Adjusted coefficient
of determination (R2) between MODIS-derived ∆PTC and the modeled ∆PTC [f (mPZI,
FRregrowth, FRfire)] for varying grid cell sizes across the Taiga Plains (dashed line). Solid
lines indicate the part of the variance explained uniquely by the sigmoidal function of
mPZI (blue line) and by linear functions of FRregrowth (green line) and FRfire (red line).
The grey line indicates the fraction explained jointly by any combination of these three








































Figure 2.4 – Effect of drainage conditions on differences in Percent Tree Cover (∆PTC)
between mean PTC for the periods 2000 - 2002 and 2012 - 2014 for pixels that have
not burned since 1965. Data are shown for pixels outside the permafrost zone (poorly
drained: 61% of the zone; well drained: 39%), in the isolated (poorly drained: 33%;
well drained: 67%), the sporadic (poorly drained: 72%; well drained: 28%), the discon-
tinuous (poorly drained: 58%; well drained: 42%), and the continuous permafrost zone
(poorly drained: 48%; well drained: 52%).
2.5 Discussion
Our analysis indicates that recent changes in boreal forest tree cover in the Taiga
Plains, and possibly in similar ecozones across North America and Eurasia, are mainly
controlled by permafrost conditions and wildfire history. Globally, lowland forests with
thick overburden cover or ice-rich permafrost, similar to the Taiga Plains, account for
16% of the boreal forest in the isolated permafrost zone and for 32% and 29% in the
sporadic and discontinuous permafrost zone, respectively. The impacts of changes in
wildfire regimes on ecosystem processes in boreal forests have been discussed previously
(e.g., Bond-Lamberty et al., 2007; Kasischke and Turetsky, 2006). However, regional
changes in boreal forest structure due to permafrost thaw and disappearance have not
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been reported yet and have not been jointly analyzed with other main drivers of forest
change (i.e., wildfires and post-fire regrowth).
Permafrost conditions explained a larger part of the spatial variation in ∆PTC than
wildfires or post-fire regrowth individually. Increasing PTC is more widespread in the
continuous and discontinuous permafrost zone compared to the sporadic and isolated
permafrost zones. These increases in PTC are predominantly occurring in areas that have
been affected by wildfires prior to the year 2002, initiating post-fire regrowth (e.g., Goetz
et al., 2012; Kasischke et al., 1995). However, post-fire regrowth in the southern sporadic
and the isolated permafrost zone is reduced compared to the discontinuous and continu-
ous permafrost zone (Fig. I.1), likely a result of fire-induced permafrost thaw and surface
subsidence (Brown et al., 2015; Camill et al., 2010; Yoshikawa et al., 2003). Widespread
post-fire regrowth between 2000 and 2010 has been documented across North America
(Li and Potter, 2012). Post-fire regrowth represents a critical control on the composi-
tion, structure, and functioning of boreal forests (e.g., Liu et al., 2011). However, we
also identified increases in PTC for pixels not affected by wildfires since 1965 in the dis-
continuous and continuous permafrost zone. Several reasons may explain these patterns.
First, some wildfires in remote northern regions prior to the mid-1970s lack documen-
tation and are thus not included in the CNFDB (Stocks et al., 2003). Second, wildfires
prior to 1965 are not documented in the CNFDB. These fire-affected areas may still ex-
perience regrowth, which can continue for more than 100 years (e.g., Yue et al., 2013).
Across the Taiga Plains, areas affected by wildfires in 1965 still show increasing PTC
(Fig. I.2). Third, tree cover may also increase due to enhanced vegetation productivity
as a response to warming air temperatures (Kauppi et al., 2014).
Areas affected by wildfires between 2003 and 2014 showed consistent reductions in
PTC across all permafrost zones (Fig. 2.3). Boreal wildfires in North America generally
result in mortality of black spruce and jack pine and immediate regeneration, initiating
post-fire regrowth (Rogers et al., 2015). These wildfires are characterized by strong
crown fire intensities, increasing with PTC and causing drastic, temporary reductions in
PTC (Rogers et al., 2015; Wooster and Zhang, 2004). The contribution of these abrupt
reductions to regional ∆PTC over the study period of 15 years was small compared to the
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contributions from post-fire regrowth and from areas that have not burned since 1965.
We show that ∆PTC in areas that have not burned since 1965 are positive in the dis-
continuous and continuous permafrost zones. At the southern margin of the permafrost
zone, where permafrost is most prone to widespread disappearance (e.g., Osterkamp
et al., 2000; Quinton et al., 2011), these areas show declining PTC. These variations can
be well explained with a sigmoidal model of mPZI, an indicator of the thermal state of
permafrost (Gruber, 2012).
Our findings are supported by small-scale (∼500 m) studies identifying permafrost
disappearance in poorly drained lowlands as drivers of decreasing forest cover in the spo-
radic and discontinuous permafrost zones of Canada (e.g., Baltzer et al., 2014; Camill,
1999a; Camill and Clark, 1998) and Alaska (Osterkamp et al., 2000). In this study, re-
ductions in PTC were mainly observed in poorly drained areas, while well-drained areas
experienced only small ∆PTC. Poorly drained landscapes are generally characterized
by ice-rich permafrost leading to larger surface subsidence upon thaw compared to less
ice-rich, well-drained landscapes (Hinzman et al., 2005; Jorgenson et al., 2001). Sur-
face subsidence and subsequent saturation of soils have been identified as an important
cause of mortality and reduced recruitment of black spruce in the northern boreal forest
(Baltzer et al., 2014; Camill et al., 2010; Osterkamp et al., 2000). Therefore, we argue
that permafrost thaw and disappearance mainly cause these observed reductions in PTC.
While droughts have been shown to regulate boreal forest productivity in Alaska (Bar-
ber et al., 2000; Beck et al., 2011a), it is unlikely that they drive the observed spatial
patterns in ∆PTC in the Taiga Plains. Within the same permafrost zones, declining PTC
was only observed for poorly drained landscapes, while well-drained landscapes were
characterized by increasing PTC. Enhanced drought intensities and frequencies could
induce PTC declines across all drainage classes (Beck et al., 2011a; Walker and John-
stone, 2014) or improve growth conditions in poorly drained landscapes by ameliorating
anoxic stress (e.g., Baltzer et al., 2014; Camill et al., 2010). Small ∆PTC in the zone
with no permafrost further indicate that permafrost thaw is mainly causing PTC declines
at its southern limit.
On a regional scale, the identification of direct causes of forest structure changes
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based on satellite data alone remains challenging (e.g., Hansen et al., 2010). However,
across the Taiga Plains, more than 80% of the variance in regional ∆PTC (e.g., 60 km
x 60 km) can be explained by wildfire history and permafrost conditions. Our study
shows that besides wildfire history, permafrost thaw dynamics are crucial to understand
current and future pathways of boreal forest changes. On smaller scales (e.g., 5 km x
5 km), these two drivers only explain about half of the variance indicating either that
other drivers become more important (e.g., vegetation composition, soil moisture, and
insect outbreaks) or that random errors in MODIS-derived PTC inflate the variance in
∆PTC. Furthermore, mPZI might not be a good indicator for fine-scale permafrost thaw
dynamics, because it does not account for vegetation cover, snow drift, or soil properties
(Gruber, 2012).
The relative importance of permafrost thaw, wildfire disturbance, and post-fire re-
growth as drivers of ∆PTC varies among the permafrost zones. As a result, ∆PTC be-
tween 2000 and 2014 ranges from gains in the discontinuous (i.e., ∆PTC = +2.5%) and
continuous permafrost zones (i.e., ∆PTC = +1.2%) to PTC losses in the sporadic (i.e.,
∆PTC = -0.4%) and isolated (i.e., ∆PTC = -1.0%) permafrost zones. Boreal forest tree
cover may be altered in the long term with changing wildfire frequencies and intensities
(Chapin and Starfield, 1997). However, we assume that these long-term trends occur
slowly over long periods and require longer time series for a robust trend assessment.
In contrast, permafrost thaw can lead to forest and tree cover losses over a few decades
(Baltzer et al., 2014; Jorgenson et al., 2001) and, in the light of climate change, aggra-
dation of permafrost is unlikely (Camill, 1999b).
2.6 Conclusions
We show that PTC is decreasing at the southern limit of the permafrost zone in the
Taiga Plains, with the bulk of the decline occurring in poorly drained lowland areas.
Extensive areas that burned before 2003 characterize the transition from the sporadic
to the discontinuous permafrost zone. Post-fire regrowth in these areas mainly causes
widespread increases in PTC. Across the Taiga Plains, most of the variation in regional
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∆PTC is explained by three drivers: permafrost thaw, wildfires, and post-fire regrowth.
Permafrost thaw is equally important to regional fire history in controlling ∆PTC, em-
phasizing the need to better understand and project future permafrost dynamics not only
in the Taiga Plains but also in similar ecozones across North America and Eurasia.
With increasing air temperatures in the future, permafrost thaw is expected to drasti-
cally change boreal forest structure and, therefore, to affect regional and global climate
systems and boreal forest ecosystem services.
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CHAPTER 3
REGIONAL ATMOSPHERIC COOLING AND WETTING EFFECT OF
PERMAFROST THAW-INDUCED BOREAL FOREST LOSS
Context within the thesis
The present chapter characterizes and quantifies the impact of thaw-induced wet-
land expansion in the southern Taiga Plains on land surface characteristics and regional
climate. To characterize changing land surface characteristics, I combine eddy covari-
ance flux measurements of sensible and latent heat with planetary boundary layer theory,
compare boreal forest and wetland albedo dynamics, and analyze remotely sensed tree
cover, land surface temperature, and albedo dynamics. To quantify impacts on near-
surface air temperature and humidity, I couple the eddy covariance flux measurements
with a simple dynamic atmospheric boundary layer. Chapter 3 connects to the previous
chapter by analyzing the biophysical impacts of widespread thaw-induced land cover
changes, as demonstrated in Chapter 2 using the example of changing tree cover in the
Taiga Plains ecozone. Chapter 3, 4 and 5 address thaw impacts on energy and water
fluxes, CH4 fluxes, and CO2 fluxes, respectively. Thus, chapter 3 focusses on biophys-
ical climate impacts and complements chapter 4 and 5, focussing on biogeochemical
climate impacts.
3.1 Abstract
In the sporadic permafrost zone of North America, thaw-induced boreal forest loss is
leading to permafrost-free wetland expansion. These land cover changes alter landscape-
scale surface properties with potentially large, however, still unknown impacts on re-
gional climates. In this study, we combine nested eddy covariance flux tower mea-
surements with satellite remote sensing to characterize the impacts of boreal forest loss
on albedo, eco-physiological and aerodynamic surface properties, and turbulent energy
fluxes of a lowland boreal forest region in the Northwest Territories, Canada. Planetary
boundary layer modelling is used to estimate the potential forest loss impact on regional
air temperature and atmospheric moisture. We show that thaw-induced conversion of
forests to wetlands increases albedo, bulk surface conductance for water vapour and de-
creases aerodynamic surface temperature. At the same time, heat transfer efficiency is
reduced. These shifts in land surface properties increase latent at the expense of sen-
sible heat fluxes, thus, drastically reducing Bowen ratios. Due to the lower albedo of
forests and their masking effect of highly reflective snow, available energy is lower in
wetlands, especially in late winter. Modelling results demonstrate that a conversion of
a present-day boreal forest-wetland to a hypothetical homogeneous wetland landscape
could induce a near-surface cooling effect on regional air temperatures of up to 3 - 4
◦C in late winter and 1 - 2 ◦C in summer. An atmospheric wetting effect in summer
is indicated by a maximum increase in water vapour mixing ratios of 2 mmol mol -1.
At the same time, maximum boundary layer heights are reduced by about a third of the
original height. In fall, simulated air temperature and atmospheric moisture between the
two scenarios do not differ. Therefore, permafrost thaw-induced boreal forest loss may
modify regional precipitation patterns and slow down regional warming trends.
3.2 Introduction
A large proportion of North America’s high-latitude landscapes contain permafrost,
perennially cryotic ground, spanning from the tundra in the north, over subarctic wood-
lands, to the boreal forests further south (Strong et al., 1989). About 60% of North
America’s boreal forests lie in the zones of discontinuous permafrost (50% to < 90%
of the land surface contains permafrost) and sporadic permafrost (10% to < 50%) (e.g.,
Gruber, 2012; Olson et al., 2001; van Everdingen, 2005, Chapter 2). Across the cir-
cumpolar permafrost zone, rapid rates of climate warming are already occurring and are
projected to intensify in the near future (Hartmann et al., 2013).
Climate change is expected to alter the composition and structure of boreal forest
and wetland ecosystems inducing strong biophysical and biogeochemical feedbacks to
global and regional climates through altered land-atmosphere interactions (e.g., Alkama
34
and Cescatti, 2016; Bonan, 2008; Chapin et al., 2000, 2005; Meissner et al., 2003).
At high latitudes, biophysical feedbacks to regional climates mainly imply changes in
the surface fluxes of sensible and latent heat (Bonan, 2008). Vegetation composition
and structure strongly determine physical and biological land surface properties such as
albedo, surface temperature, and bulk aerodynamic and surface conductance (Eugster
et al., 2000; Kasurinen et al., 2014). Thus, vegetation changes alter surface properties
and consequently also turbulent energy flux regimes (e.g., Alkama and Cescatti, 2016;
Baldocchi and Ma, 2013; Davin and de Noblet-Ducoudré, 2010; Luyssaert et al., 2014;
Snyder et al., 2004). For example, a shift from deciduous to coniferous forests decreases
surface conductance and increases the Bowen ratio, the ratio of sensible to latent heat
flux (Eugster et al., 2000). The modified diurnal heat input to the regional planetary
boundary layer (PBL) leads to altered diurnal PBL growth dynamics affecting its effec-
tive heat capacity, entrainment of dry air from the free atmosphere, and, consequently,
feedbacks to regional air temperatures and convective rainfall (e.g., Baldocchi et al.,
2000; Esau et al., 2012; Juang et al., 2007a). In addition, boreal forests exert a strong
biophysical influence on regional air temperatures even at latitudes far outside their zone
of distribution due to its effect on the general circulation of the atmosphere (Bonan et al.,
1992; Snyder et al., 2004).
At the southern limit of the permafrost zone in Canada and Alaska, warming air
temperatures cause widespread thaw. In recent decades, thaw-induced disappearance of
forested permafrost plateaus has led to a conversion of boreal forests to wetlands (e.g.,
Camill, 1999b; Camill and Clark, 1998; Jorgenson et al., 2001; Lara et al., 2016; Quin-
ton et al., 2011, Chapter 2). Permafrost plateaus dominated by coniferous tree species
rooted in raised, thick organic soils, and treeless, seasonally frozen wetlands are the
two predominant land cover types of the lowland boreal landscapes in the discontinu-
ous and sporadic permafrost zones of north-western Canada (Tarnocai, 2006; Zoltai and
Tarnocai, 1975). The proportional coverage of forests and wetlands is affected by the
degree of permafrost thaw (Quinton et al., 2011). Forested permafrost plateaus and wet-
lands differ in their soil moisture and temperature regimes with wetlands being substan-
tially wetter and warmer (Baltzer et al., 2014; Chasmer et al., 2011; Quinton and Baltzer,
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2013, Fig. II.2). In wetlands, root inundation and mortality inhibits tree growth, resulting
in sharp forest-wetland transitions of vegetation composition and structure (e.g., Baltzer
et al., 2014; Camill, 1999a).
Despite the importance of boreal forests in the permafrost zone for the global and re-
gional climates (Chapin et al., 2000), local- to regional-scale responses of land-atmosphere
interactions to thaw-induced land cover change are still poorly understood. It remains
unclear as to how such vegetation shifts may affect turbulent energy fluxes and how
these might modify regional trends in air temperature and atmospheric moisture. The
biophysical consequences of permafrost thaw-induced boreal forest loss and ultimately
disappearance have received little attention compared with deforestation in the temper-
ate and tropical zones and wildfires in the boreal zone (e.g., Liu et al., 2005; Randerson
et al., 2006). The impacts of disappearing permafrost on regional turbulent energy flux
regimes need to be better constrained to project the trends of air temperature and atmo-
spheric moisture in the boreal zone (Chapin et al., 2000) and to evaluate the performance
of current land surface schemes and terrestrial biosphere models (Fisher et al., 2014). In
this study, we aim to:
— quantify the impact of permafrost disappearance and concurrent tree cover loss
on turbulent energy fluxes,
— identify the landscape-scale (∼1 km2) changes in land surface properties causing
turbulent energy flux changes,
— quantify boreal tree cover controls on land surface properties on a regional scale
(∼4,000 km2) and
— estimate potential effects of thaw-induced shifts in land cover on regional air
temperature and atmospheric moisture.
3.3 Materials and Methods
3.3.1 Study site
Scotty Creek (61◦180N; 121◦180W, NT, Canada) is a 152-km2 watershed located in
the southern Taiga Plains and is situated in the zone of sporadic permafrost (Fig. 3.1a).
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The southern part of the watershed is characterized by rapidly thawing permafrost re-
sulting in a mosaic of forested permafrost plateaus, wetlands, forested uplands and shal-
low thaw lakes (Chasmer et al., 2014). Permafrost-free wetlands occur as collapse-
scar bogs that receive some lateral inflow of water from the surrounding forests, and as
channel fens that route water towards the watershed outlet (National Wetlands Working
Group, 1997; Quinton et al., 2009). Organic soils are widespread in the region with
peat thickness ranging from 0.6 to 5 m (Aylsworth et al., 1993). Black spruce (Picea
mariana) is the dominant tree species on the forested permafrost plateaus. Understorey
and ground cover on the permafrost plateaus mainly consist of Labrador tea (Rhododen-
dron groenlandicum), ground lichen (Cladonia spp.), and Sphagnum fuscum and capil-
lifolium. Sphagnum balticum and magellanicum and ericaceous shrubs mainly populate
the collapse-scar bogs (Garon-Labrecque et al., 2015). The mean annual air temperature
(1981-2010) in Fort Simpson, ca. 60 km north of Scotty Creek, is 2.8 ◦C with a mean
January air temperature of -24.2 ◦C and a mean July air temperature of 17.4 ◦C. The
long-term mean total annual precipitation (1981-2010) is 388 mm. Snowfall accounts
for about 50% of the total annual precipitation. During the study period, from May to
November 2013 and April to November 2014, mean air temperature was 2.1 and 0.2
◦C warmer and total precipitation was 73 mm (26%) and 87 mm (29%) lower than the









































































































































Figure 3.1 – (a) Location of the Scotty Creek watershed (surface elevation ∼ 285 m
a.s.l.), zones of sporadic (10% to < 50% areal permafrost coverage), discontinuous (50%
to < 90%), and continuous (≤ 90%) permafrost [data from Gruber (2012)], and areal
extent of the boreal and tundra zones [data from Olson et al. (2001)]. (b) Percent tree
cover in 2010 in the southern Taiga Plains. Pixels with surface elevations < 250 m a.s.l.
and > 300 m a.s.l. are shaded. (c) Land cover types in the vicinity of the two flux
towers (Chasmer et al., 2014) and their flux footprint climatologies for the period April
to November 2014. 38
3.3.2 Eddy covariance measurements
Turbulent momentum and energy fluxes were measured at Scotty Creek using the
eddy covariance technique at two nested micrometeorological towers (Baldocchi, 2014).
One eddy covariance system was mounted on top of a 15-m tower with flux footprints
originating from a boreal forest-wetland landscape (hereafter referred to as ’landscape
tower’, measurement period: 11 May 2013 to 07 November 2014). A second system was
installed on a 2-m tower in a wetland just north of the landscape tower at 1.9 m above the
ground surface (hereafter referred to as ’wetland tower’, measurement period: 12 April
2014 to 07 November 2014). Its flux footprints originated mainly from the wetland and
were within the landscape tower flux footprint (Fig. 3.1c).
The eddy covariance instrumentation, identical at both towers, included a sonic
anemometer (CSAT3A; Campbell Scientific Inc., Logan, UT, USA) and a CO2/H2O
open-path infrared gas analyzer (EC150; Campbell Scientific Inc.), both operating at 10-
Hz frequencies. Friction velocity (u*; m s-1), sensible (H, W m-2) and latent heat fluxes
(LE, W m-2) were computed using the EddyPro software (version 5.2, LI-COR Bio-
sciences, Lincoln, NE, USA). For the landscape tower, a planar fit method was deployed
to rotate the coordinate system of the sonic anemometer into the mean streamlines of the
wind field (Wilczak et al., 2001). To account for small seasonal changes in the orienta-
tion of the sonic anemometer due to potential variations of the wetland surface, a double
rotation method was applied for the wetland tower, so that the half-hourly mean verti-
cal wind velocity equalled zero. Further corrections were applied to take into account
spikes in the high-frequency time series (Vickers and Mahrt, 1997), humidity effects on
sonic temperature (Dijk et al., 2004), block averaging of half-hour time series, time lag
detection, spectral attenuation (Moncrieff et al., 2004, 1997), and air density fluctuations
for water vapour fluxes (Webb et al., 1980).
3.3.3 Supporting measurements
Four-component net radiometers (CNR4, Kipp & Zonen, Delft, The Netherlands) at
the landscape (at a height of 13.4 m) and the wetland (2.1 m) tower measured incoming
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and outgoing short- and long-wave radiation fluxes. Following Schmid (1997), the ra-
diometric footprint (80% contour) at the landscape tower contained 77% forest with the
remaining 23% being wetland. The radiometric footprint at the wetland tower consisted
only of wetland. Therefore, the radiation fluxes at the landscape and the wetland tower
were considered to represent forest and wetland surfaces, respectively. Air temperature
and relative humidity probes (HC2-S3; Rotronic AG, Bassersdorf, Switzerland) were
installed at 15 m and at 2.6 m at the landscape and the wetland tower, respectively. Soil
heat flux at 8 cm below the moss surface at the forest and at the wetland was measured in
a hummock and hollow using two ground heat flux plates (HFT3, Hukseflux, Delft, The
Netherlands) at each site. To calculate soil heat storage between the heat flux plates and
the moss surface, half-hourly changes in soil temperatures at 2, 4 and 8 cm below the
surface (TCAV; Campbell Scientific Inc. and Type ’T’; Omega Engineering, Stamford,
CT, USA) were used assuming a constant heat capacity of the peat above the heat flux
plate of 2 MJ m-3 K-1 (Hayashi et al., 2007). Snow depth was measured in the forest
and in the wetland using an ultrasonic distance sensor (SR50; Campbell Scientific Inc.).
Snow density was measured on 10 days during late winter 2014 between 25 March and
22 April using a snow tube. Half-hour changes in snow depth, mean snow density and
the latent heat of fusion of water were used to calculate the forest and wetland snow melt
energy flux.
3.3.4 Footprint modelling
To resolve the spatial heterogeneity within the flux tower footprints, we ran the 2D
footprint parameterization of Kljun et al. (2015) for both towers providing not only the
extent but also the width of footprints. Similar to the model of Kljun et al. (2004),
this parameterization is based on the Lagrangian particle dispersion footprint model of
Kljun et al. (2002) and is valid for convective to stable boundary layer conditions. The
footprint model was used to calculate the half-hourly per-grid cell flux contributions for
a discretized study area. Roughness lengths for momentum (z0m; m) and zero-plane
displacement heights (d0; m) for each half-hour were derived from high-frequency sonic
anemometer data to account for the spatial heterogeneity in canopy height and geometry
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(see Appendix II). The relative half-hourly flux contributions of each land cover type
to the total flux were calculated as the weighted sum of the respective per-grid cell flux
contributions. The 90% flux footprints of the landscape tower mainly contained a mix
of wetlands and forests, while the wetland tower predominantly contained surfaces from
one ecosystem, the wetland (Fig. 3.1c).
3.3.5 Post-processing of eddy covariance measurements
A three-class quality flag system (Mauder and Foken, 2011) was used to remove half-
hourly periods that do not meet steady-state conditions or when turbulence was not fully
developed. Remaining outliers were filtered using a spike detection algorithm (Papale
et al., 2006). To ensure the comparability between flux measurements at the landscape
and the wetland tower, we assessed their energy balance closures (EBC). The EBC was
0.79 and 0.78 for the landscape and the wetland tower, respectively, after removing wet-
land tower fluxes with < 95% wetland contribution and applying a u*-threshold filter (u*
= 0.2 m s-1) (see Appendix II). These EBC values are in good agreement with Stoy et al.
(2013) who reported a mean EBC of 0.76 ± 0.13 and of 0.88 ± 0.23 for seven wetlands
and 47 evergreen needle-leaf forest sites, respectively.
Experimental errors in eddy covariance measurements are a combination of system-
atic and random errors (Moncrieff et al., 1996). The potential systematic error derived
from the EBC analysis (∼20%) does not hamper the comparability of H and LE between
the two towers, assuming that the EBC residuals are similarly attributed to H and LE for
the landscape and the wetland tower. Maximum instrument-specific systematic errors in
LE are estimated to be 8% based on an intercomparison study of the open-path EC150
with closed-path infrared gas analysers (Helbig et al., 2016a).
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Random half-hourly errors in H and LE were estimated as the standard deviation of H
and LE for similar meteorological conditions and flux footprints within a time window of
seven days (Lasslop et al., 2008). These random errors were used in regression analyses
after York et al. (2004), accounting for errors in both the dependent and the independent
variables. Mean random errors were 16.3 and 9.1 W m-2 in H, and 12.2 and 14.5 W
m-2 in LE for the landscape and the wetland tower, respectively, and increased with the
magnitude of both fluxes.
3.3.6 Landscape-scale surface properties
Albedo and radiometric surface temperature represent two surface properties that
are sensitive to changes in ecosystem structure and composition (e.g., Betts and Ball,
1997; Juang et al., 2007b; Lee et al., 2011), thus strongly affecting land-atmosphere
interactions (e.g., Betts et al., 2001). Tower-based radiation measurements over the
wetland (2014) and over the forest (2013 and 2014) were used to assess the effects of
thaw-induced forest loss on landscape-scale albedo and radiometric surface temperature.
Aerodynamic surface properties, such as bulk aerodynamic conductance for heat and wa-
ter vapor (gH; m s-1; see Appendix II) and bulk surface conductance for water vapor (gs;
m s-1), were derived using Monin-Obukhov similarity theory (Betts et al., 1999; Garratt,
1994). We derived aerodynamic surface temperature (Tas; K) of the flux footprints from
measured H and modelled gH using the following bulk transfer relationship:
H = ρCpgH(Tas −Ta) (3.1)
where ρ is air density [kg m-3], Cp is the heat capacity of air [J kg-1 K-1], and Ta is
air temperature [K].
Aerodynamic surface temperature directly controls the turbulent heat exchange be-
tween land surface and overlying atmosphere. Thus, Tas differs from radiometric sur-
face temperature, which represents a weighted soil and canopy temperature as function
of viewing angle of the thermal-infrared radiometer mounted on tower platforms (Detto
et al., 2006; Kustas et al., 2006) or satellite platforms (Wan, 2014).
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Similarly, we obtained a bulk formulation for LE by assuming the same bulk aerody-
namic conductance as for sensible heat (gH) and by adding a bulk surface conductance





where λ is the latent heat of vapourization [J kg-1], qs is the saturated specific hu-
midity of air at Tas [kg kg-1], and qa is the specific humidity of air at measurement height
[kg kg-1].
Increasing wetland coverage in the boreal forest-wetland landscape may affect the
response of gs to variations in vapour pressure deficit (VPD; kPa) and incoming short-
wave radiation (SWin; W m-2). We applied a boundary line analysis by fitting nonlinear
VPD and SWin models to the upper boundary of half-hourly gs for three flux footprint
classes of increasing wetland contribution (e.g., Grelle et al., 1999; Igarashi et al., 2015):
a ’low wetland class’ with footprint contributions from wetlands < 63%, a ’medium
wetland class’ with contributions from wetlands between 63% and 95%, and a ’high
wetland class’ with contributions from wetlands > 95% (i.e., from the wetland tower).
Only the maximum gs in each VPD and SWin bin (Gs_bound; m s-1) were selected to
minimize reductions in gs due to other environmental drivers (see Appendix II).
3.3.7 Regional-scale patterns of albedo and radiometric surface temperature
To assess regional effects of permafrost thaw-induced tree cover loss on albedo and
radiometric surface temperature (Trs; K),we analysed several MODIS satellite products
for a ∼4,000-km2 area of interest in the southern Taiga Plains (Fig. 3.1b). These prod-
ucts included percent tree cover from the annual MOD44B Vegetation Continuous Field
product, white-sky albedo from the 16-day MCD43B3 Albedo product, and daytime and
night-time Trs from the 8-day MOD11A2 Land Surface Temperature/Emissivity product
for the years 2000-2015. White-sky albedo does not account for the direct radiative com-
ponent and is therefore not a function of solar angle and atmospheric conditions, making
it suitable for the assessment of albedo variations due to changes in surface characteris-
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tics (Jin et al., 2012; Schaepman-Strub et al., 2006).
Surface elevation from the MODIS Geolocation product (MOD03) was used to mask
pixels with elevations below 250 m a.s.l. and above 300 m a.s.l. to minimize altitudinal
effects on Trs (e.g., Li et al., 2015). Scotty Creek is located at 285 m a.s.l. Pixels
classified as open water bodies by the MODIS Land Water Mask (MOD44W) were
discarded from the analysis. We only analysed white-sky albedo and Trs pixels with
good-quality flags and with error flags indicating an average Trs error ≤ 3 K. To remove
thermal anomalies in Trs due to wildfires, we masked all pixels identified as active fires
by the MODIS Thermal Anomalies & Fire product (MOD14A1). All data sets were
resampled to a spatial resolution of 1 km2.
3.3.8 Planetary boundary layer modelling
The potential impact of a conversion of the present-day heterogeneous boreal forest-
wetland to a hypothetical homogeneous permafrost-free, treeless wetland landscape on
potential air temperature (θ m; K) and water vapour mixing ratio (qm; mol mol-1) in the
PBL was assessed with a clear-sky PBL model (Baldocchi and Ma, 2013; McNaughton
and Spriggs, 1986, see Appendix II). We ran the PBL model using u*, H and LE from
the landscape (representing a present-day heterogeneous landscape with permafrost) and
the wetland tower (as a proxy for a hypothetical homogeneous permafrost-free land-
scape) and compared the diurnal θ m and qm dynamics. The model inputs H and LE
were corrected for the observed lack of EBC maintaining the Bowen ratio (Twine et al.,
2000). To illustrate diurnal θ m and qm dynamics for the two scenarios, we analysed
modelled θ m and qm for one clear-sky day in the summer with no gaps in the model
input time series (22 June 2014: 0800 - 2100 Mountain Standard Time (MST)). The
mean footprint contributions for the landscape tower fluxes on that day were 40% from
wetlands, 56% from forested peat plateaus and 4% from the lake. These contributions
are representative for the present-day landscape in the southern part of the Scotty Creek
watershed that consisted of 57 ± 8% and 52 ± 9% forested permafrost plateaus in 2000
and 2010, respectively (Baltzer et al., 2014). Additionally, we ran the PBL model for a
total of 49 days between 15 May 2014 and 08 October 2014 and derived daily θ m and
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qm differences between the two landscape scenarios at 1800 MST (see Appendix II for
selection criteria for modelled days). We compared PBL dynamics as observed over the
present-day boreal forest-wetland landscape to a hypothetical permafrost-free wetland
landscape. However, complete disappearance of permafrost likely enhances large-scale
drainage conditions (e.g., Connon et al., 2014). The current conditions at the studied
wetland site may therefore not be directly representative of a future, potentially drier,
permafrost-free boreal landscape. Hence, the modelled absolute changes in θ m and qm
should be seen as an upper limit.
3.4 Results
3.4.1 Changes in turbulent energy fluxes
At the end of winter in May 2014, a frost layer with a maximum depth of about 40
cm was observed in the wetland (Fig. II.2). The mean water table between April and
November 2014 was 15 cm below the moss surface. In contrast, a maximum thawed
layer of 40 cm overlaid cryotic soil between May and September 2014 in the forest and
the decrease in water table level closely followed thaw depth during the summer. In
2014, the snow melt at the forest and the wetland occurred at the end of April and the
ground was snow-covered again in October (Fig. II.2). During the snow cover period in
late winter, half-hourly H at the wetland tower (HWET) was negative most of the time,
while H at the landscape tower (HLAND) already reached maximum values of 200 W m-2
(Fig. 3.2a). At the same time, the largest mean midday (1200 - 1500 MST) Bowen ratio
was observed for the landscape tower with 7.6 ± 0.8 (95% CI of mean), while the mean
midday Bowen ratio at the wetland tower was the lowest with 0.3 ± 0.3 (Fig. 3.2c). Be-
tween May and November 2014, HWET amounted to about 50% of HLAND and the ratio
of the two fluxes approached unity with higher contributions of wetlands in the land-
scape tower footprints (Fig. 3.2a, slope of HLAND against HWET increased significantly
from 0.47 to 0.64 [p < 0.001 two-sample non-parametric Kolmogorov-Smirnov test] for
HLAND with wetland contributions ≤ 36% (25th percentile) versus ≥ 63% (75th). In
contrast, half-hourly LE at the wetland tower (LEWET) was about 54% larger than LE at
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the landscape tower (LELAND, Fig. 3.2b). Slopes of LELAND against LEWET were closer
to unity with increasing contributions of wetlands to LELAND (slope decreased signifi-
cantly from 1.63 to 1.47 [p < 0.001] for LELAND with wetland contributions ≤ 36% vs.
≥ 63%). Monthly mean midday Bowen ratios in the snow-free period ranged from 1.3
in July to 2.5 in October and from 0.4 in June to 0.9 in October at the landscape and the
wetland tower, respectively (Fig. 3.2c). The total half-hourly turbulent energy flux (H
+ LE) was 13% smaller at the wetland tower compared to the landscape tower (slope =
0.87, r2 = 0.86).
3.4.2 Changes in surface properties
Albedo. Albedo determines how much short-wave radiation is reflected at the surface
and, therefore, partly controls the available energy to generate H and LE. Between April
and November 2014, the wetland albedo was consistently higher than the forest albedo,
except for a 3-day period (28-30 April 2014) shortly after snow melt when the wetland
was flooded. Maximum albedo differences of 0.5 were observed during the snow cover
period (April and October - November 2014). During the snow-free period, the wetland
albedo exceeded the forest albedo by about 0.1. The regional median albedo (2000 -
2015; ∼4,000 km2) in the southern Taiga Plains (Fig. 3.1b) showed similar seasonal
dynamics as the albedo measured at the two towers. Median percent tree cover of the
region was 35% (2.5 percentile: 9%, 97.5 percentile: 69%). The forest albedo at Scotty
Creek corresponded to the values at the lower end of the distribution of regional albedo,
whereas the wetland albedo was consistently higher than the 95% confidence interval







































































































































































































































































































































































































































































































































































































































































2.5 % - 97.5 %-iles WSA AoI (2000-2015)
median WSA AoI (MODIS 2000-2015)
forest (Scotty Creek, 2013-2014)
wetland (Scotty Creek, 2014)
Figure 3.3 – Daily albedo of a boreal forest on a permafrost plateau (black dots, 2013-
2014) and an adjacent permafrost-free wetland (grey dots, 2014), derived from four-
component net radiometers at 1200 MST, and median (solid line, 2000-2015) and 2.5
percentile and 97.5 percentile (dotted lines) of 8-day 1-km white-sky albedo (WSA)
across a ∼4,000 km2 area of interest (AoI) in the southern Taiga Plains (derived from
MCD43B3). Percentiles show spatial variability across the AoI.
Aerodynamic conductance. The median bulk aerodynamic conductance for heat (gH)
was 37.8 mm s-1 (2.5 percentile: 15.8 mm s-1, 97.5 percentile: 69.8 mm s-1) for the land-
scape and 23.7 mm s-1 (2.5 percentile: 16.6 mm s-1, 97.5 percentile: 40.8 mm s-1) for
the wetland tower. Differences between gH at the landscape and the wetland tower de-
creased with increasing wetland contributions to the landscape fluxes (Fig. 3.4). Median-
weighted LiDAR-derived canopy height (see Appendix II) within the flux footprints was
2.0 m (2.5 percentile: 1.1 m, 97.5 percentile: 3.7 m) and 0.3 m (2.5 percentile: 0.1 m,
97.5 percentile: 0.4 m) for the landscape and the wetland tower, respectively. Surface
roughness length (z0) increased linearly with the mean weighted LiDAR-derived canopy
height (r2 = 0.75, p < 0.001) and wetland contributions to flux footprints (r2 = 0.57, p <
0.001; data not shown).
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Figure 3.4 – Bulk aerodynamic conductance for heat in the footprints of the landscape
and wetland tower. Colours of dots indicate contributions of wetlands to landscape tower
fluxes. The total least-squares regression fit is shown as a solid black line. Dotted
black lines indicate the 95% confidence interval of the regression as derived from 1,000
bootstrap simulations of the data.
Aerodynamic surface temperature. A surface cooling effect of wetlands is indicated
by increasingly warmer Tas of the landscape tower footprints (Tas_LAND) with decreasing
wetland contributions compared to Tas of the wetland (Tas_WET). The strongest cooling
effect of 0.08 K per percent wetland contribution (K %-1) was observed for the snow
cover period (Fig. 3.5a). During the snow-free period, wetland cooling ranged from 0.02
to 0.06 K %-1 and coefficients of determination between differences in Tas_LAND and
Tas_WET and wetland contributions to landscape fluxes increased from 0.10 in May to
0.24 in September (Figs. 3.5b-g). Both, daytime and night-time Tas_LAND, were warmer
than Tas_WET during the snow cover period. During the snow-free period, night-time
Tas_LAND was consistently warmer than Tas_WET, whereas daytime Tas_LAND was at










































































































































































































































































































































































































































































































































































































































Surface conductance. In May and June 2013 and 2014, maximum bulk surface con-
ductance (gs_0; Gs_bound at a VPD of 0 kPa, see Appendix II) increased from 7.2 mm s-1
(Fig. 3.6a and Tab. 3.I) for the ’low wetland class’ to 34.5 mm s-1 for the ’high wetland
class’. In late summer, a similar increase was observed, but gs_0 for the high wetland
class was reduced to 18.0 mm s-1. The sensitivity of Gs_bound to VPD (Gs_bound = gs_0
e-bd VPD; see Appendix II) was most pronounced for the ’high wetland class’ for May
and June with the slope parameter bd being 0.57 kPa-1, whereas the ’medium wetland
class’ had the strongest sensitivity of Gs_bound to VPD between July and August with a
bd of 0.48 kPa-1. The ’low wetland class’ was the least sensitive during both periods
(Tab. 3.I and Fig. 3.6). The limit of Gs_bound at infinite SWin (gs_max in Gs_bound = gs_max
SWin
binfl+SWin
; see Appendix II) increased with increasing flux footprint contributions from
wetlands peaking in July and August at 33.8 mm s-1. The inflection point of the Gs_bound
vs. SWin relationship (binfl [W m-2], see Appendix II) ranged between 45.8 W m-2 and
1337.2 W m-2 and was always highest for the ’high wetland class’. However, binfl be-
tween classes were not significantly different, except for binfl for the ’high wetland class’
for July-August, which was significantly higher (Tab. 3.I). In July and August, gs_max and
binfl were poorly constrained for the ’high wetland class’ with 95% CI of 138.1 mm s-1






































































































Figure 3.6 – Response of bulk surface conductance to (a-f) vapour pressure deficit and
(g-l) incoming short wave radiation for the periods (a-c & g-i) May and June and (d-f
& j-l) July and August for three classes of increasing permafrost-free wetland contribu-
tions (’low’, ’medium’, ’high’). Nonlinear model fits to the upper 15% of bulk surface
conductance per 0.5 kPa (white circles) and 100 W m-2 bins (grey circles) are shown as



















































































































































































































































































































































































































































































































































































































3.4.3 Regional-scale controls on surface properties in the lowlands of the southern
Taiga Plains
To assess the regional-scale relationships between tree cover and daytime and night-
time Trs and albedo, we analysed 1-km MODIS percent tree cover, Trs, and white-sky
albedo between 2000 and 2015 for the southern Taiga Plains (Fig. 3.1b). The strongest
relationships between daytime and night-time Trs and tree cover were observed for
March and April with r2 of 0.34 and 0.27, respectively (Fig. 3.7a). During the night,
areas with high tree cover were characterized by warmer Trs throughout the year with
maximum Trs sensitivities to tree cover of 0.08 K %-1 in late winter. During the snow-
free period (May to November), sensitivities were smaller with about 0.01 K %-1 (ex-
pressed as increase in K per one percent tree cover). Similarly, during the day, Trs in-
creased with tree cover during the winter (November to April) peaking at 0.06 K %-1 in
mid-April. In contrast, high tree cover areas were characterized by colder Trs compared
to areas with low tree cover during the snow-free period (negative slopes of up to 0.04 K
%-1, Fig. 3.7b).
The strongest relationships between Trs and tree cover in late winter coincided with
the strongest relationship between tree cover and albedo (maximum slope of 0.55% %-1
in March; r2 = 0.62; Fig. 3.7c). In April, slopes and r2 between tree cover and albedo
rapidly decreased and remained small until September before they gradually increased
again to a slope of 0.38% %-1 and an r2 of 0.36 in early November (Fig. 3.7c).
In comparison, tower-based Trs for the forest and wetland during the snow-free pe-
riod indicate that median Trs of the forest was 0.5 K colder during the day (1030 MST)
and 1.7 K warmer during the night (2230 MST). During late winter, just before snow
melt (13-30 April 2014), median daytime and nighttime Trs of the forest was consis-













































































Figure 3.7 – (a) Seasonal dynamics of mean coefficients of determination (r2) between
1-km per cent tree cover (PTC; MODIS VCF MOD44B) and 1-km daytime and night-
time radiometric surface temperature (Trs at about 1230 and 0030 MST, respectively;
MODIS Land Surface Temperature/Emissivity MOD11A2) for a ∼4000 km2 area in the
southern Taiga Plains. (b) Seasonal dynamics of mean slopes of the regression between
PTC and Trs. (c) Seasonal dynamics of mean slopes between PTC and white-sky albedo
(WSA, MODIS Albedo MOD43A3). Colors of dots represent mean r2. Shaded areas
indicate the 95% confidence intervals of the means for the period 2000-2015. All slopes
are significant at α = 0.001.
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3.4.4 Permafrost thaw-induced boreal forest loss effects on regional air tempera-
ture and atmospheric moisture
To estimate the potential effects of permafrost thaw-induced boreal forest loss on air
temperature and atmospheric moisture, we modelled diurnal dynamics of PBL height,
θ m, and qm for 49 clear-sky days in 2014 for two scenarios: a present-day heteroge-
neous boreal forest-wetland landscape (’present-day landscape’) and a hypothetical ho-
mogeneous, permafrost-free, treeless wetland landscape (’permafrost-free landscape’).
Results for one clear-sky day (22 June 2014) are discussed in detail.
Clear-sky conditions are usually characterized by a smooth diurnal curve of SWin as
observed on 22 June 2014 (Fig. 3.8a). Heat flux for the present-day scenario peaked at
1300 MST. In comparison, the sensible heat flux for the permafrost-free scenario was
consistently smaller and peaked at 1200 MST. For the permafrost-free scenario, LE was
larger than the present-day scenario LE between 1000 MST and 2030 MST and was
slightly smaller during the morning hours (Fig. 3.8a). Modelled θ m fitted measured θ m
with a RMSE of 0.7 ◦C, while modelled qm had a RMSE of 0.7 mmol mol-1. The present-
day scenario was warmer and drier than the permafrost-free scenario with differences of
2.0 ◦C in θ m and 1.9 mmol mol-1 in qm just before the PBL collapsed (Fig. 3.8b & c).
The PBL height was consistently larger for the present-day scenario compared to the
permafrost-free scenario with differences of up to around 600 m. The mean effective
heat capacity of the PBL for the present-day scenario was 52% higher. For the present-
day and the permafrost-free scenario, 35% and 54% of the total sensible heat input was
entrained with warm air from above the mixed layer. The total sensible heat input from
the entrainment layer was 27% larger for the permafrost-free scenario just before the col-
lapse of the PBL, mainly due to an enhanced gradient for this scenario between θ m and
potential temperature of the entrainment layer. The entrainment of dry air exceeded the
surface input of water vapor for the present-day scenario causing a gradual qm decrease
during the day. For the permafrost-free scenario, the entrainment of dry air exceeded the
water vapor input from the surface until 1430 MST. Afterwards, qm gradually increased
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Figure 3.8 – (a) Sensible (H) and latent (LE) heat fluxes for a present-day heterogeneous
boreal forest-wetland landscape with sporadic permafrost (’present-day landscape’) and
for a permafrost-free wetland landscape scenario (’permafrost-free landscape’) and in-
coming shortwave radiation (SWin) for 22 June 2014. (b) Measured and modelled poten-
tial air temperatures in the mixed layer (θ m). (c) Measured and modelled water vapour
mixing ratios (qm) and (d) modelled planetary boundary layer (PBL) heights. Shaded
areas represent uncertainty due to random errors in flux measurements. qm is modelled
only for the time period before the PBL collapsed.
The largest mean differences in θ m between the present-day and the permafrost-free
scenario were observed during April 2014 when θ m in the permafrost-free scenario were
3.6 ± 2.4 ◦C (one standard deviation; n = 3) colder. During the summer, the permafrost-
free scenario was 1.25 ± 0.8 (May and June; n = 22) and 1.58 ± 0.9 ◦C (July and August;
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n = 16) colder. In September, θ m for the permafrost-free and the present-day scenario
were similar with differences of 0.02 ± 1.4 ◦C (n = 8). Water vapor mixing ratios were
higher for the permafrost-free scenario throughout the observation period with maximum
differences in July and August of 2.06 ± 1.3 mmol mol-1. The permafrost-free scenario
was 1.42 ± 1.2 mmol mol-1 wetter in May and June and only marginally wetter in April
and September with 0.30 ± 0.2 and 0.17 ± 0.9 mmol mol-1, respectively.
3.5 Discussion
3.5.1 Permafrost thaw impacts on turbulent energy fluxes
Permafrost thaw-induced boreal forest loss in the sporadic permafrost zone accel-
erates and actively changes vegetation composition and structure (e.g., Baltzer et al.,
2014; Lara et al., 2016, Chapter 2). However, little is known about the biophysical im-
pacts of these changes on local- to regional-scale land-atmosphere interactions. Insights
from global climate models are limited by their spatial resolution (Oleson et al., 2004).
Remote sensing allows biophysical impact assessment of deforestation on climate (e.g.
surface and air temperature) across the globe (Alkama and Cescatti, 2016; Li et al.,
2015) whereas in situ eddy covariance measurements in combination with local-scale
modelling are useful to gain in-depth understanding of the underlying ecosystem pro-
cesses (Juang et al., 2007a, b; Stiegler et al., 2016; Vanden Broucke et al., 2015). Here,
we combine landscape-scale eddy covariance measurements with regional-scale remote
sensing data to quantify an atmospheric cooling and wetting effect of thaw-induced bo-
real forest loss. Similar to this study, a decrease of about 50% in annual H was observed
for a fire-induced transition from a black spruce forest to bunch grasses in Alaska (Liu
et al., 2005) with the largest reduction at the end of the winter. In late winter, large
albedo increases over treeless wetlands compared to forests drastically reduce available
energy following thaw-induced forest-to-wetland conversion. Liquid water is unavail-
able for LE until snow melt, and all available energy is transferred to H (Betts et al.,
2001). During the summer, differences between boreal forest and wetland albedo are
much smaller (e.g., Betts and Ball, 1997). Thus, larger H over the forested landscape
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in the summer is mainly explained by different partitioning of energy between conifer-
ous forests and wetlands (Eugster et al., 2000). Increased post-thaw LE and decreased
Bowen ratios are consistent with the thaw-induced increase in soil moisture availabil-
ity (Baltzer et al., 2014; Quinton et al., 2011). A similar thaw-induced change in the
partitioning of available energy to LE was reported for a tundra ecosystem in northern
Sweden (Stiegler et al., 2016). In temperate and tropical regions, deforestation is gen-
erally reducing LE (Bala et al., 2007). Similarly, LE of a black spruce forest in Alaska
decreased during the early treeless post-fire regeneration stages (Liu et al., 2005). Thus,
impacts of thaw-induced boreal forest loss on land-atmosphere interactions contrast de-
forestation impacts caused by fire disturbance or clear-cutting due to the associated shift
toward higher post-thaw soil moisture.
In contrast to the strong control of wetland coverage on HLAND, the control of wet-
land coverage on LELAND is less pronounced, indicating a more complex spatial pat-
tern of water vapor fluxes across the landscape. Transpiration fluxes across the transi-
tion from wetlands to forests show a strong spatial heterogeneity (Baltzer et al., 2014;
Patankar et al., 2015) and, additionally, LE may vary within wetlands due to spatial
variations in water table position. In the center of collapse-scar bogs, the water table is
deeper due to long-term peat accumulation (Turetsky et al., 2007; Zoltai, 1993). At the
recently thawed forest edges, the water table is closest to the moss surface enhancing
the LE contribution of open water evaporation. In contrast to the landscape tower, these
transition zones contributed only little to the wetland tower footprints. The complex
spatial patterns in LE may reflect these small-scale heterogeneity of surface evaporation
sources across boreal forest-wetland landscapes (Angstmann et al., 2013; Brown et al.,
2010).
3.5.2 Permafrost thaw and landscape-scale changes in land surface properties
In a well-mixed PBL, atmospheric conditions (e.g., SWin, VPD, Ta) over individ-
ual wetlands are similar to conditions over the larger boreal forest-wetland landscape,
if the surface structure of the landscape is disorganized at length scales < 10 km (Gar-
ratt, 1994; Shuttleworth, 1988). Thus, contrasts in albedo, and eco-physiological and
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aerodynamic attributes between permafrost-free ecosystems (wetlands) and ecosystems
with permafrost (forests) mainly produce the observed differences in turbulent energy
fluxes. In boreal forests, black spruce stands with low reflectance mask the highly re-
flective snow or ground cover (e.g., lichen, shrubs) resulting in a lower albedo compared
to wetlands. The most pronounced albedo differences occur during the snow cover pe-
riod when the non-forested ecosystems (e.g., wetlands) are entirely covered by snow.
The higher available energy over forest stands (Betts and Ball, 1997; Liu et al., 2005;
Lohila et al., 2010; Zhao and Jackson, 2014) indicates that albedo differences mainly in-
duce the thaw-related decrease in H during the late winter. In the summer, with smaller
albedo contrasts, differences in eco-physiological and aerodynamic properties enhance
post-thaw LE and attenuate H.
Several studies have assessed the land use and land cover change impacts on re-
motely sensed Trs (e.g., Houspanossian et al., 2013; Li et al., 2015; Zhao and Jackson,
2014). However, Tas represents the surface temperature driving H and can substantially
differ from Trs, particularly in boreal forests with relatively sparse tree density, strong
atmospheric coupling of the tree tops, and a ground surface that is more decoupled from
the atmosphere (Friedl, 2002; Kustas et al., 2006; Sun and Mahrt, 1995). We suggest
that studies of forest loss impacts on remotely sensed Trs should be complemented with
analyses of Tas (e.g., derived from eddy covariance measurements) to better characterize
the effects on local climate (e.g., Baldocchi and Ma, 2013). In this study, we show
that thaw-induced forest loss leads to strong late winter cooling of Tas and Trs. Sum-
mer, cooling of Tas instead is moderate, while remotely sensed Trs for the same period
indicates a daytime warming effect of forest loss. In contrast to tropical and temperate
forests that are affected by large transpirational cooling (Bonan, 2008; Lee et al., 2011),
LE of black spruce forests is small (Baldocchi et al., 2000). Thus, boreal forests have a
minimal transpirational cooling effect (Lee et al., 2011). At the same time, large LE over
permafrost-free wetlands substantially cools the surface, which explains their lower Tas
despite lower gH. Reduced gH and thus heat transfer efficiency with decreasing forest
cover are consistent with lower aerodynamic roughness of low stature ecosystems, such
as wetlands, compared to forests (Juang et al., 2007b; Kelliher et al., 1993; Rotenberg
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and Yakir, 2010).
The thaw-induced decrease in Bowen ratios is mainly caused by increased post-thaw
soil moisture (Baltzer et al., 2014; Wright et al., 2009). In addition, the limited stomatal
control of LE in wetlands, dominated by Sphagnum and Carex species (Camill, 1999a),
favours larger maximum gs and consequently enhances LE. Consistently low gs is typical
for black spruce dominated boreal forests making them more drought resistant compared
to other boreal tree species (Baldocchi et al., 2000; Ewers et al., 2005). Additionally,
black spruce has a low light-saturation limit of photosynthesis, preventing stomata to
open further at higher light levels (e.g., SWin > 400 W m-2; Baldocchi et al., 2000;
Dang et al., 1998; Goulden et al., 1997; Kelliher et al., 1993). The steady increase of
wetland gs even at high light levels in wetlands may be explained by the forest-wetland
differences in soil moisture, their high Sphagnum coverage, and their lack of stomata
control (Betts et al., 1999; McFadden et al., 2003; Nichols and Brown, 1980). Similarly,
soil moisture limitation on evapotranspiration is reduced and gs is increased upon thaw
in tundra environments in Sweden (Stiegler et al., 2016).
3.5.3 Regional tree cover controls on surface characteristics
Decreasing tree cover in the southern Taiga Plains favours warmer daytime Trs in
summer, contrasting the consistent cooling effect of thaw-induced forest loss on Tas.
Such a summertime warming effect of forest loss on daytime Trs was previously reported
for the boreal zone (Li et al., 2015). Similar to our study, Li et al. (2015) found a daytime
Trs cooling effect in winter and a year-round cooling effect on night-time Trs. Albedo
is most sensitive to tree cover in late winter, when SWin and Bowen ratios are high
(Betts et al., 2001; Liu et al., 2005), indicating that albedo differences are the main
cause for the observed cooling effect of forest and tree cover loss on Trs (e.g., Betts,
2000; Li et al., 2015; Zhao and Jackson, 2014). In contrast, the warming effect on
daytime Trs in the summer is likely caused by eco-physiological and aerodynamic effects
exceeding the impacts of smaller summer albedo differences (e.g., Juang et al., 2007b).
Transpirational cooling of forests is small and unlikely causing these patterns due to
lower LE over forests compared to wetlands. To explain the warming effect of tree cover
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loss on daytime Trs in the summer, we argue that, with increasing tree cover, sensible heat
is more efficiently exchanged between the land surface and the atmosphere and ground
surface shading is enhanced (e.g., Mahrt and Vickers, 2004; Sun and Mahrt, 1995). The
ground surface, which receives less SWin beneath denser canopies due to below-canopy
shading (Chasmer et al., 2011), is strongly affecting remotely sensed Trs. The observed
warming effect of tree cover loss on daytime Trs suggests enhanced summertime soil
heat input in areas with declining tree cover. This warming effect is consistent with the
absence of permafrost in mostly treeless wetlands and the occurrence of permafrost in
forested plateaus (Quinton et al., 2009; Zoltai, 1993).
Warmer night-time Trs in densely forested areas may be related to the night-time
biomass release of heat storage accumulated during the day (Lindroth et al., 2010).
Larger radiative cooling of open- compared to closed-canopy sites was reported for
Scotty Creek (Chasmer et al., 2011). Additionally, forests can be warmer at night be-
cause trees reduce the formation of stable stratification allowing a more efficient trans-
port of warm air from above to the surface (Lee et al., 2011). Our results highlight the
importance to distinguish between Trs and Tas when analysing land cover change im-
pacts and to account for potentially contrasting effects between the snow and snow-free
periods as well as between daytime and night-time observations.
3.5.4 Effects of permafrost thaw-induced boreal forest loss on air temperatures
and atmospheric moisture
Due to the complex interactions of various biophysical impacts on near-surface cli-
mates (Betts et al., 2001), previous studies demonstrated that forest loss appears to have
either a cooling or a warming effect on surface air temperature (Alkama and Cescatti,
2016; Juang et al., 2007b, b; Lee et al., 2011; Mildrexler et al., 2011). Lee et al. (2011)
observed warmer daytime and night-time air temperatures over mid- to high-latitude
forests compared to nearby open land due to the combined effects of decreased albedo
and increased surface roughness and Bowen ratios. Juang et al. (2007b) showed that
increased gH of forests compared to agricultural fields can lead to a cooling effect of
afforestation on surface temperature despite concurrent decreases in albedo. On a global
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scale, a warming effect of forest loss on air temperatures was explained by the decrease
in surface roughness and reduced transpirational cooling (e.g., Alkama and Cescatti,
2016; Mildrexler et al., 2011). In this study, we show that thaw-induced boreal for-
est loss reduces H and increases LE (i.e., reducing Bowen ratios), exerting a cooling
effect on regional air temperature along with an increase in atmospheric moisture. Re-
duced diurnal H inputs to the PBL over permafrost-free wetlands result in more shallow
PBL depths compared to the typically deeper PBL depths characteristic for intact boreal
forests (Betts et al., 2001). More shallow PBL depths reduce the effective heat capacity
of the PBL (Snyder et al., 2004), generally amplify surface temperature variability (Davy
and Esau, 2014; Esau et al., 2012), and, thus, can have profound impacts on regional
climates (Esau and Zilitinkevich, 2010). The large diurnal entrainment of warm and dry
air into the PBL over boreal forests decreases qm causing a surface-PBL feedback by
further increasing VPD, inducing further decreases in gs, resulting in enhanced parti-
tioning of available energy to H, and eventually further PBL growth (Baldocchi et al.,
2000; Hill et al., 2008). However, boreal forest loss and conversion to wetlands with
high Sphagnum coverage decrease stomata control of LE, which could slow down this
positive feedback mechanism.
Changes in PBL depth, air temperature and water vapour dynamics may also affect
cloud formation and regional precipitation patterns (e.g., Juang et al., 2007a). A de-
crease in air temperature and a concurrent increase in atmospheric moisture would result
in a lower lifting condensation level (height at which condensation of a lifting air parcel
occurs) and could potentially increase cloud cover and the frequency of convective rain-
fall events (e.g., Betts, 2009). However, as thaw-induced boreal forest loss also leads to
decreases in PBL depth, the probability of more frequent convective rainfall events may
not increase if the PBL height stays below the lifting condensation level (Juang et al.,
2007a). Further research using more complex PBL models is required to better charac-
terize the impacts of thaw-induced boreal forest loss on regional precipitation dynamics
(e.g., de Arellano et al., 2012; Juang et al., 2007a).
Permafrost thaw and ultimately its disappearance are likely to continue causing bo-
real forest loss and wetland expansion in the lowlands of the sporadic permafrost zone
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in North America. Similar to the southern Taiga Plains, thaw-induced forest loss accel-
erates in the Tanana Flats in central Alaska. However, there, loss is mainly attributed
to decreasing birch forest coverage with a concurrent wetland area increase (Lara et al.,
2016). The biophysical impacts of deciduous forest loss are likely to differ from the
loss of coniferous forests (Juang et al., 2007b), even when resulting in similar post-thaw
wetland ecosystems. Deciduous forests are generally characterized by a higher albedo,
a larger gs and larger LE compared to boreal coniferous forests (Amiro et al., 2006; Bal-
docchi et al., 2000; Betts and Ball, 1997; Liu et al., 2005). Thus, to better understand
how permafrost thaw-induced land cover change affects land-atmosphere interactions
and consequently regional and global climates, the biophysical impacts of varying path-
ways of permafrost thaw need to be assessed in addition to its biogeochemical impacts.
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CHAPTER 4
THE POSITIVE NET RADIATIVE GREENHOUSE GAS FORCING OF
INCREASING METHANE EMISSIONS FROM A THAWING BOREAL
FOREST-WETLAND LANDSCAPE
Context within the thesis
The present chapter quantifies the impact of recent thaw-induced wetland expansion
on landscape-scale net CH4 emissions and the associated net greenhouse gas radiative
forcing (accounting additionally for potential long-term net CO2 uptake). To achieve
this goal, I combine nested eddy covariance net CH4 flux measurements, recent wetland
expansion rates at Scotty Creek, and long-term apparent rates of C accumulation from 63
North American boreal peatlands. These data are used as input to an atmospheric CO2
and CH4 concentration model. Using the model output, I demonstrate the time evolution
of the net radiative greenhouse gas forcing induced by thaw-induced wetland expansion
during the 21st century. Chapter 4 addresses biogeochemical climate impacts of land
cover changes in the southern Taiga Plains and, thus, complements the results on tree
cover dynamics in the Taiga Plains in chapter 2, and on biophysical climate impacts in
chapter 3. Chapter 4 provides the context for chapter 5, which addresses both land cover
change and direct climate change effects on CO2 fluxes in more detail. Long-term net
CO2 fluxes in chapter 4 are derived from paleoecological studies and one year of eddy
covariance flux measurements.
4.1 Abstract
At the southern margin of permafrost in North America, climate change causes
widespread permafrost thaw. In boreal lowlands, thawing forested permafrost peat plateaus
(’forest’) lead to expansion of permafrost-free wetlands (’wetland’). Expanding wetland
area with saturated and warmer organic soils is expected to increase landscape methane
(CH4) emissions. Here, we quantify the thaw-induced increase in CH4 emissions for
a boreal forest-wetland landscape in the southern Taiga Plains, Canada, and evaluate
its impact on net radiative forcing relative to potential long-term net carbon dioxide
(CO2) exchange. Using nested wetland and landscape eddy covariance net CH4 flux
measurements in combination with flux footprint modeling, we find that landscape CH4
emissions increase with increasing wetland-to-forest ratio. Landscape CH4 emissions
are most sensitive to this ratio during peak emission periods, when wetland soils are
up to 10 ◦C warmer than forest soils. The cumulative growing season (May to October)
wetland CH4 emission of ∼13 g CH4 m-2 is the dominating contribution to the landscape
CH4 emission of ∼7 g CH4 m-2. In contrast, forest contributions to landscape CH4 emis-
sions appear to be negligible. The rapid wetland expansion of 0.26±0.05 % yr-1 in this
region causes an estimated growing season increase of 0.034±0.007 g CH4 m-2 yr-1 in
landscape CH4 emissions. A long-term net CO2 uptake of more than 200 g CO2 m
-2
yr-1 is required to offset the positive radiative forcing of increasing CH4 emissions until
the end of the 21st century as indicated by an atmospheric CH4 and CO2 concentration
model. However, long-term apparent carbon accumulation rates in similar boreal forest-
wetland landscapes and eddy covariance landscape net CO2 flux measurements suggest
a long-term net CO2 uptake between 49 and 157 g CO2 m
-2 yr-1. Thus, thaw-induced
CH4 emission increases likely exert a net radiative greenhouse gas forcing through the
21st century.
4.2 Introduction
Current global climate change is mainly attributed to rapidly rising atmospheric con-
centrations of two greenhouse gases, carbon dioxide CO2 and methane CH4 (Myhre
et al., 2013). The climate system impacts of changing greenhouse gas concentrations
and other forcings is commonly expressed by their influence on the top-of-atmosphere
net energy flux, referred to as radiative forcing (W m-2; Myhre et al., 2013). From 1750
to 2011, the radiative forcing resulting from increasing atmospheric CH4 concentrations
was equivalent to about 25% of the radiative forcing from rising CO2 concentrations.
The recent increase in radiative forcing from CH4 emissions has been mainly attributed
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to increasing anthropogenic CH4 emissions (Myhre et al., 2013; Nisbet et al., 2014).
Wetlands represent the largest natural CH4 source to the atmosphere contributing about
a third (177-284 Tg CH4 yr
-1) of the total global CH4 emissions (500 to 600 Tg CH4
yr-1; Bridgham et al., 2013; Dlugokencky et al., 2011; Kirschke et al., 2013; Melton
et al., 2013). Inter-annual variations in wetland CH4 emissions contribute 70% of the
variability in total global CH4 emissions (Bousquet et al., 2006). Despite the importance
of wetlands for the global atmospheric CH4 budget, estimates of wetland CH4 emissions
are still poorly constrained (Kirschke et al., 2013).
Many boreal wetlands have slowly accumulated thick peat layers since the last ice
age (Treat et al., 2016), storing now about 436 Pg of soil organic C as peat (i.e., north
of 45◦N; Loisel et al., 2014). Despite their large C stocks and prevailing anoxic condi-
tions, these boreal peatlands contribute relatively little (∼20%) to global wetland CH4
emissions (Bridgham et al., 2013) due to the temperature-limitation in microbial CH4
production (Dunfield et al., 1993; Frolking et al., 2011; Treat et al., 2014). Thus, boreal
peatlands sequester CO2 from the atmosphere and, ultimately, re-emit a small propor-
tion of the fixed C as CH4 (Frolking et al., 2011). About 278 Pg C is contained in peat-
lands of the northern circumpolar permafrost region (Tarnocai et al., 2009). Increasingly
warmer air temperatures, altered hydrology, and thawing of perennially frozen organic
soils within this region, however, could result in enhanced microbial CH4 production
through warmer soils and higher water levels (e.g., Schuur et al., 2015). Additionally,
permafrost thaw in boreal peatlands often leads to shifts in vegetation communities to-
ward more aquatic species (e.g., sedges; Camill, 1999a). Increasing sedge density with
deeper roots may enhance CH4 production through the addition of easily decomposable
root litter and exudates (Chanton et al., 2008; Prater et al., 2007). Additionally, the pres-
ence of sedges may enhance plant-mediated CH4 transport through their aerenchymous
tissue. Methane oxidation above the water table is then minimized as CH4 bypasses the
otherwise diffusional CH4 transport through the aerobic soil layers (Olefeldt et al., 2013;
Treat et al., 2007). Ebullition, the transport of CH4 with gas bubbles, also minimizes
CH4 oxidation and has been observed to increase with thawing permafrost and associ-
ated flooding of surface soils (Klapstein et al., 2014). Better-constrained CH4 emission
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estimates for boreal peatlands in the permafrost region and a better understanding of their
environmental drivers are, thus, crucial for well-constrained projections of boreal peat-
land contributions to global net radiative forcing (Bousquet et al., 2006; Dlugokencky
et al., 2009; Schuur et al., 2015).
Permafrost at the southern margin of its distribution persists in disequilibrium with
the current climate (e.g., Camill and Clark, 1998). Here, increased energy input has
resulted in extensive permafrost loss in boreal lowlands of North America where rela-
tively dry forested permafrost peat plateaus (’forest’) are replaced with wetter, treeless,
permafrost-free collapse-scar bogs and fens (’wetland’) resulting in highly fragmented
landscapes (see Chapter 2; Baltzer et al., 2014; Lara et al., 2016; Quinton et al., 2011).
Chamber-based studies in such heterogeneous boreal forest-wetland landscapes have
identified wetlands as major CH4 emission sources, while forests remain comparatively
small net CH4 sources or sinks (Bubier et al., 2005; Johnston et al., 2014; Liblik et al.,
1997; Moore et al., 1994; Turetsky et al., 2002). Current thaw-induced wetland expan-
sion and associated forest loss in northwestern Canada (e.g., Baltzer et al., 2014) in
combination with increasing air and soil temperatures are therefore expected to further
enhance regional CH4 emissions over the next few decades (Johnston et al., 2014; Liblik
et al., 1997; Moore et al., 1998).
Here, we first integrate nested eddy covariance ecosystem and landscape net CH4
flux (FCH4; nmol m-2 s-1) measurements (Desai et al., 2015) with flux footprint modeling
and remotely sensed land cover data (e.g., Chasmer et al., 2008; Kljun et al., 2015) to
better understand the spatial and temporal variability of FCH4 across a heterogeneous and
rapidly thawing boreal forest-wetland landscape in the southern Taiga Plains ecozone of
northwestern Canada. Next, we quantify the net radiative greenhouse gas (CH4 and CO2)
forcing of thaw-induced FCH4 changes of the boreal forest-wetland landscape using a
dynamic atmospheric CH4 and CO2 concentration model (Frolking et al., 2006). The
objectives of our study are to
— describe how FCH4 of a boreal forest-wetland landscape vary spatially with wet-
land extent and temporally with soil temperature and water table depth,
— quantify the impact of thaw-induced wetland expansion on landscape FCH4, and
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— assess the net radiative forcing of thaw-induced landscape FCH4 changes and con-
current net CO2 uptake rates.
4.3 Materials and Methods
4.3.1 Study site
The study site, the Scotty Creek watershed, NT (61◦18’ N; 121◦18’ W), is located in
the sporadic permafrost zone (> 10% - 50% in areal extent) of the southern Taiga Plains
ecozone of northwestern Canada (Quinton et al., 2011). The southern part of Scotty
Creek is dominated by forested permafrost peat plateaus (Picea mariana, ericaceous
shrubs [mainly Rhododendron groenlandicum], lichens [Cladonia spp.] and bryophythes
[Sphagnum fuscum and S. capillifolium]) and treeless, permafrost-free collapse-scar bogs
(ericaceous shrubs [Chamaedaphne calyculata, Andromeda polifolia, Vaccinium oxycoc-
cos], bryophytes [Sphagnum balticum and S. magellanicum], pod grass [Scheuchzeria
palustris]) (Garon-Labrecque et al., 2015) with an organic layer thickness of >3 m and
a mean total organic carbon content of 167±11 kg C m-2 (n = 3; N. Pelletier, unpub-
lished results). More detailed descriptions of the study site can be found in Quinton
et al. (2011), Baltzer et al. (2014), and Garon-Labrecque et al. (2015).
4.3.2 Eddy covariance measurements, flux data processing, and ancillary mea-
surements
Between May 2013 and May 2016, FCH4 of the boreal forest-wetland landscape
(FCH4_LAND; nmol m-2 s-1) was measured at a 15-m eddy covariance (’landscape’) tower.
Molar densities of CH4 were measured with an open-path CH4 analyzer (LI-7700, LI-
COR Biosciences, Lincoln, NE) and the 3-D wind velocities with a sonic anemometer
(CSAT3A, Campbell Scientific Inc., Logan, UT). Net water vapor (H2O) and CO2 fluxes
were measured using an open-path CO2/H2O infrared gas analyzer (EC150, Campbell
Scientific Inc., Logan, UT), except for the period March to June 2015 when an enclosed-
path CO2/H2O infrared gas analyzer (LI-7200, LI-COR Biosciences) was used (see Hel-
big et al., 2016a). The horizontal distance between the LI-7700 and the CSAT3A was
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0.3 m and the vertical separation was 0.23 m.
At a nearby nested 2-m eddy covariance wetland (collapse-scar bog) tower, ecosys-
tem FCH4 (FCH4_WET; nmol m-2 s-1) was measured between April 2014 and May 2016
using an instrumental setup identical to the landscape tower. The LI-7700 was installed
at the same height as the CSAT3A, but was horizontally separated by 0.48 m. For both
towers high-frequency 10-Hz turbulence data and CH4, CO2, and H2O densities were
recorded with CR3000 dataloggers (Campbell Scientific Inc.). At the end of the growing
seasons, the LI-7700’s were taken down (early November [2014 and 2015] and early
September [2013]) and re-installed in late winter (between mid-March [2015 and 2016]
and mid-April [2014]). The calibration of the LI-7700s was checked at the beginning
and at the end of each growing season and twice during the growing season using the
same zero (Ultra Zero Ambient Air, Praxair Canada Inc, Mississauga, ON, Canada) and
2.02-ppm CH4 span gas (±0.1 ppm; Praxair Canada Inc.). No appreciable span or zero
drift was observed. Forest (Ts_FOR, ◦C) and wetland soil temperatures (Ts_WET, ◦C)
were measured near the eddy covariance towers at 32 cm below the moss surface using
type T thermocouples (Omega Engineering, Stamford, CT, USA). Wetland water table
depth (WTD, cm relative to the moss surface [center of wetland]) was measured in a
perforated PVC tube using a vented pressure transducer (OTT PLS, Mellingen, Switzer-
land). A negative WTD indicates a water table below the moss surface. A more detailed
description of the instrumental setup is given in Chapter 3.
Turbulent gas fluxes were calculated using the EddyPro software (version 6.1.0, LI-
COR Biosciences). Briefly, we used a double rotation for sonic anemometer tilt cor-
rection, removed spikes in the high-frequency time series (Vickers and Mahrt, 1997),
corrected sonic temperature for humidity effects (Dijk et al., 2004), and used block aver-
aging for half-hour time series and a covariance maximization procedure to detect time
lags. Analytical spectral corrections according to Moncrieff et al. (1997) and Moncrieff
et al. (2004) were applied to account for low- and high-pass filtering effects, respectively.
Temperature- and humidity-induced density fluctuations were compensated according to
Webb et al. (1980) [’WPL term’]. To calculate FCH4_WET, corrections for spectroscopic
effects were incorporated in the WPL term (McDermitt et al., 2010). Half-hourly FCH4
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were discarded when turbulence was not fully developed or non-stationary (Mauder and
Foken, 2011), or when FCH4 were identified as outliers (Papale et al., 2006). FCH4 was
not used in the analyses when the CH4 signal quality was low (indicated by a LI-7700
Relative Signal Strength Indicator [RSSI] < 20%) or when turbulence was weak (i.e., a
friction velocity threshold of 0.17 m s-1 [95% confidence interval: 0.12 - 0.25 m s-1] as
determined according to Papale et al. (2006)).
Flux footprints for both towers were modeled according to Kljun et al. (2015) and
coupled to a land cover classification map (Chasmer et al., 2014) to derive the relative
contributions from each land cover type to half-hourly flux measurements. The land-
scape flux footprints consisted mainly of forests and wetlands. In contrast, the wetland
flux footprints mainly originated from the wetland just north of the landscape tower and
were entirely located within its long-term flux footprint (see Chapter 3). Landscape FCH4
were excluded from the analyses when contributions from a nearby lake exceeded 5%
and FCH4_WET were excluded when wetland contributions were less than 95%.
To obtain cumulative FCH4 (ΣFCH4, g CH4 m
-2), we gap-filled FCH4_LAND and FCH4_WET
using the ’marginal distribution sampling’ method (Reichstein et al., 2005), an extended
look-up table method taking into account temporal autocorrelation. For the look-up
tables, we used Ts_WET, WTD, and wind speed. We chose Ts_WET at 32 cm because
maximum CH4 production in peatlands was found to peak at about 20 cm below the
water table (e.g., Kettunen et al., 1999), corresponding to a depth of about 30 cm
in the studied wetland (median WTD ≈ -10 cm). Look-up table gap-filling meth-
ods yield reliable annual ΣFCH4 estimates with an uncertainty of about ±10% (Hom-
meltenberg et al., 2014). Growing season landscape ΣFCH4 (ΣFCH4_LAND; g CH4 m
-2)
and wetland ΣFCH4 (ΣFCH4_WET; g CH4 m
-2; defined for the snow-free period from
May to October) were obtained by combining FCH4_LAND and FCH4_WET between May
to August 2014 and September to October 2015 due to large gaps in FCH4_WET in
both years (Fig. 4.1). After quality control, gaps in FCH4_LAND and FCH4_WET totaled
64% and 58%, respectively. The uncertainty in ΣFCH4_LAND and ΣFCH4_WET was es-
timated as a combination of uncertainties introduced by the friction velocity threshold
selection, by random errors in FCH4 measurements, and by uncertainties in gap-filled
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FCH4. Briefly, ΣFCH4_LAND and ΣFCH4_WET was calculated for 100 friction velocity
thresholds derived according to Papale et al. (2006). For each of the 100 FCH4_LAND
and FCH4_WET time series, we randomly sampled 100 times from the error distribu-
tions of directly measured (random observation error) and gap-filled half hours (gap-
filling error), resulting in 10,000 ΣFCH4_LAND and ΣFCH4_WET estimates. We used the
standard deviation of FCH4 for similar meteorological conditions within ±7-day win-
dows, as derived from the gap-filling algorithm, to obtain half-hourly random obser-
vation and gap-filling error estimates (Lasslop et al., 2008; Moffat et al., 2007). Ran-
dom observation errors were then scaled with the magnitude of gap-filled FCH4 and
RSSI to obtain continuous time series of half-hourly random observation errors. We
derived continuous time series of half-hourly gap-filling errors by scaling gap-filling
errors with the magnitude of gap-filled FCH4 (Lasslop et al., 2008). Then, 95% confi-
dence intervals were derived from the 10,000 ΣFCH4_LAND and ΣFCH4_WET estimates.
By combining FCH4_LAND and FCH4_WET from 2014 (colder and drier than normal [1981
- 2010]) and 2015 (warmer and wetter), two years with differing meteorological con-
ditions (Environment Canada, http://climate.weather.gc.ca/climate_
data/daily_data_e.html?StationID=52780), we assume that growing sea-
son ΣFCH4_LAND and ΣFCH4_WET were approximately representative of their respective
long-term growing season cumulative FCH4 sums.
4.3.3 Spatial and temporal controls and spectral decomposition of FCH4
Methane production in anoxic soils increases with microbial activity and may be
limited by, amongst others, temperature or substrate availability (Dunfield et al., 1993).
With the water table position close to the surface or with a minimized CH4 oxidation
potential due to plant-mediated CH4 transport or ebullition, most of the produced CH4
is emitted to the atmosphere (Bellisario et al., 1999; Kettunen et al., 1999; Moore et al.,
2011; Sundh et al., 1994). In this case, temporal FCH4 variations are closely linked
to CH4 production rates, which are often controlled by soil temperature or vegetation
productivity (e.g., Christensen et al., 2003; Shannon and White, 1994). The strong sea-
sonality in soil temperature and vegetation productivity results in a strong low-frequency
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component of FCH4 (e.g., weeks to months; Rinne et al., 2007). In contrast, the spectral
signature of the spatial FCH4 footprint heterogeneity is expected to correspond to higher
frequency components (e.g., hours), related to rapid changes in footprint composition
with instantaneous effects on FCH4 measurements. This spatial footprint variability has
often been classified as part of the random error in eddy covariance flux measurements
(Moncrieff et al., 1996). Recent developments in flux footprint models and remote sens-
ing open new opportunities to analyze the direct control of such footprint heterogeneity
on eddy covariance fluxes (e.g., Chasmer et al., 2008; Kljun et al., 2015).
To decompose FCH4_LAND and FCH4_WET into low- (FCH4_sf, nmol m-2 s-1) and high-
frequency components (FCH4_hf, nmol m-2 s-1), we used a modification of Singular Spec-
trum Analysis (SSA; Schoellhamer, 2001). This time series analysis technique accounts
for missing data in time series (Schoellhamer, 2001) and enhances the signal-to-noise
ratio (Mahecha et al., 2007). The time series is decomposed into linearly superimposed
frequency-specific sub-signals that can then be partially reconstructed by specifying in-
dividual frequencies. We calculated FCH4_sf by selecting frequencies longer than one
week (seasonal) and FCH4_hf by selecting frequencies between two hours to seven days
(sub-weekly). Frequencies smaller than two hours were not analyzed to reduce noise
introduced by FCH4_LAND and FCH4_WET measurements during periods with low RSSI
signal strength. A detailed discussion of SSA for eddy covariance flux studies can be
found in Mahecha et al. (2007).
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The control of flux footprint composition (i.e., contributions from wetlands [FPWET,
%]) on FCH4_LAND and FCH4_WET and WTD on FCH4_LAND and FCH4_WET were ana-
lyzed independently. Linear regressions between FPWET and FCH4_LAND were applied
to three-day moving windows. By constraining linear regressions to a short time pe-
riod, the seasonal evolution of spatial FCH4 heterogeneities in landscape flux footprints
can be tracked. To assess the most important seasonal FCH4_LAND and FCH4_WET (i.e.,
FCH4_sf) controls, we conducted a multiple linear regression applying a stepwise forward
selection procedure (Legendre and Legendre, 2012) for the variables Ts_WET, WTD, and
the interaction term between Ts_WET and WTD. For the regression, we used 10,000 ran-
domly selected subsets of 30 FCH4_sf data points to minimize the effects of temporal
autocorrelation.
Wetland flux footprints almost exclusively comprised wetland surfaces. In contrast,
landscape flux footprints comprised varying contributions from wetland and forest sur-
faces, but forests never contributed more than 90% to the flux footprints. Thus, we fitted
Q10-models to FCH4_LAND and FCH4_WET for classes of increasing forest contribution to
flux footprints to scale FCH4 to a hypothetical forest-only landscape (FCH4_FOR; nmol





where i stands for the i-th forest contribution class, FCH4_base is the reference FCH4 at
Ts_WET = 10 ◦C, and Q10 is an indicator of the temperature sensitivity of FCH4_i. The Q10
models were fitted to FCH4 with < 10% forest footprint contributions (i.e., FCH4_WET)
and to four classes of increasing forest contribution to landscape flux footprints (i.e.,
FCH4_LAND).
4.3.4 Net radiative greenhouse gas forcing
The net radiative greenhouse gas forcing (W m-2) of persistent thaw-induced in-
creases in CH4 emissions and concurrent net CO2 exchange was calculated using a dy-
namic model of atmospheric CH4 and CO2 pools (Frolking et al., 2006; Neubauer and
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Megonigal, 2015). The time-dependent evolution of the atmospheric CH4 concentration
perturbation (rCH4; g CH4 m
-2) of an annual CH4 emission (r0_CH4; g CH4 m
-2 yr-1) was




where the atmospheric lifetime of CH4 (τCH4) is 12.4 years (Myhre et al., 2013).
The evolution of the atmospheric CO2 concentration perturbation (rCO2, g CO2 m
-2) of
annual CO2 uptake (r0_CO2; g CO2 m
-2 yr-1) was modeled as the sum of exponentials for
five atmospheric pools with lifetimes (τ i) ranging from the ’slowest’ pool with 108 years
to the ’fastest’ pool with 3.4 years accounting for the varying redistribution timescales
of CO2 within the ocean, the land biosphere, and the atmosphere. A fraction of r0_CO2









are as in Frolking et al. (2006). Both models were run for 100-year time series of
r0_CH4 and r0_CO2. The radiative forcing (RF, W m-2) of greenhouse gas i (CH4 and CO2)
is then calculated as follows:
RFi = fiAiri (4.4)
where fi for CH4 (1.65, Myhre et al., 2013) accounts for indirect CH4 effects on
ozone concentrations and stratospheric H2O and is 1 for CO2, Ai is the radiative effi-
ciency (1.27*10-13 W m-2 kg-1 for CH4 and 1.7517*10
-15 W m-2 kg-1 for CO2), and ri is
the current time atmospheric concentration perturbation of the respective greenhouse gas
due to all previous emissions/uptake since a reference year (see Frolking et al., 2006).
To estimate the future landscape CH4 emissions (r0_CH4 in Eq. 4.2), we derived and
applied a mean annual wetland expansion rate of 0.26±0.05% yr-1 (±95% confidence
interval; n = 7) from historical wetland extent changes between 1977 and 2010 for seven
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areas of interest at Scotty Creek (Baltzer et al., 2014), resulting in an increase in wetland
extent from 39% in 1977 to 65% in 2077. We estimated the trajectory of annual growing
season ΣFCH4_LAND_i (Eq. 4.2; where i stands for the year between 1977 and 2077)
by combining the temporal trajectory of wetland fraction of the landscape (wet_i) with
ΣFCH4_WET and ΣFCH4_FOR:
ΣFCH4_LAND_i = wetiΣFCH4_WET +(1−weti)ΣFCH4_FOR (4.5)
The prescribed ΣFCH4_LAND_i time series was then used as r0_CH4 in the atmospheric
concentration model (Eq. 4.2). Uncertainties in the prescribed ΣFCH4_LAND_i were es-
timated based on the 95% confidence interval of annual wetland expansion rates. Sim-
ulations were run for 100 years (1977-2077), where 1977 is the reference year, the first
year with an estimate of the spatial wetland extent at Scotty Creek (Baltzer et al., 2014).
Long-term annual net CO2 uptake in high-latitude peatland landscapes could poten-
tially offset the positive radiative forcing of increasing landscape CH4 emissions (Frol-
king et al., 2006). To quantify radiative forcing related to net CO2 exchange, we used
long-term apparent rates of carbon accumulation (LARCA, g C m-2 yr-1) from 63 bo-
real peatlands in the circumpolar permafrost zone in North America with a basal peat
age of more than 1,000 years, including (collapse-scar) bogs, (forested) peat plateaus,
and fens (Treat et al., 2016). Peatland LARCA itself is the result of long-term net CO2
uptake, CH4 emissions, and net aquatic C exports. We assume the latter to be negligi-
ble across the thawing boreal forest-wetland landscape (e.g., Moore, 2003; Neubauer,
2014; Olefeldt et al., 2012). Carbon losses related to CH4 emissions, approximated as
the measured growing season ΣFCH4_LAND, were added to LARCA to calculate the mean
long-term net CO2 uptake (r0_CO2 in the atmospheric concentration model; Eq. 4.3). Us-
ing the mean long-term annual net CO2 uptake rate accounts for interannual variability
in net CO2 uptake and disturbance losses of CO2 (e.g., wildfires) and is therefore a more
appropriate measure than, for example, annual net primary production, which does not
account for decomposition after litterfall (Chapin et al., 2006). Annual net ecosystem
CO2 exchange (NEE; g CO2 m
-2 yr-1) accounts for such decomposition, but year-round
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NEE measurements are only available for a few boreal peatlands in the permafrost zone
(e.g., Dunn et al., 2007; Euskirchen et al., 2014), do not account for CO2 losses from fire
disturbances (Chapin et al., 2006), and uncertainties due to interannual NEE variability
are usually large (Roulet et al., 2007). To compare annual eddy covariance NEE to mean
long-term net CO2 uptake derived from LARCA, we also used annual landscape NEE at
Scotty Creek for r0_CO2 (Eq. 4.3). Our NEE estimate for Scotty Creek was based on one
year of eddy covariance net CO2 flux measurements at the landscape tower.
4.4 Results
4.4.1 Spatial and temporal controls of FCH4
To identify the most important drivers of FCH4_LAND and FCH4_WET, we analyzed
the decomposed FCH4 signals at seasonal low-frequency (FCH4_sf) and at sub-weekly
high-frequency time scales (FCH4_hf). At the wetland tower, FCH4_sf contributed more
to the total FCH4 variance (75%) than at the landscape tower (40%). In turn, FCH4_hf
contributed less to the total FCH4 variance at the wetland tower (12%) compared to the
landscape tower (39%) (Fig. 4.1), highlighting the more pronounced heterogeneity of
FCH4 in the landscape flux footprints.
Seasonal landscape and wetland FCH4_sf were mainly controlled by Ts_WET2 (land-
scape r2 = 0.82, p < 0.001 and wetland r2 = 0.84, p < 0.001; Fig. III.1). In July and
August, Ts_WET peaked at ∼16 ◦C and remained between 0 ◦C and 1 ◦C from December
to April (Fig. II.2). With a mean annual Ts_WET of 5.2±5.6 ◦C (±one standard devia-
tion, for 2015) the wetland soil was substantially warmer than Ts_FOR (1.1±2.8 ◦C). The
average WTD during the study period was -11±6 cm. The WTD peaked at +10 cm (i.e.,
above the moss surface) shortly after snowmelt (late April/early May in 2014 and 2015)
and reached its lowest position below the surface with -20 cm in October 2014 (Fig. II.2).
The negative relationship between WTD and FCH4_sf (i.e., larger FCH4_sf with lower wa-
ter table) explained 47% of the variance in FCH4_sf at the wetland tower (p = 0.002), but
was not significant at the landscape tower (p = 0.12; Fig. III.1). For a multiple linear
regression with Ts_WET2, WTD, and their interaction term as explanatory variables of
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Figure 4.1 – Decomposition of net CH4 flux measurements (FCH4; nmol m
-2 s-1) into
seasonal (FCH4_sf; > seven days) and sub-weekly signals (FCH4_hf; two hours - seven
days) for the (a & b) landscape and the (c & d) wetland tower for the 2014 and 2015
growing seasons.
In contrast to the wetland tower where FCH4_sf dominated FCH4_WET, FCH4_sf and
FCH4_hf contributed equally to FCH4_LAND. Sub-weekly FCH4_LAND was mainly con-
trolled by footprint composition when differences between Ts_WET and Ts_FOR were
largest (Fig. 4.2). With decreasing Ts_WET-Ts_FOR differences, the sensitivity of FCH4_LAND
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to FPWET diminished. Thus, FCH4 contrasts between wetlands and forests were small in
the winter with cold Ts_WET and Ts_FOR (∼0 ◦C), and large in the summer when Ts_WET
were up to 10 ◦C warmer than Ts_FOR.










































=0.45; p < 0.001; n = 85
Ts_WET - Ts_FOR [°C]
Figure 4.2 – Linear regression slopes between wetland contributions to landscape flux
footprints and landscape methane fluxes (FCH4_LAND), and mean differences in soil tem-
peratures at a depth of 32 cm in the wetland (Ts_WET) and the forest (Ts_FOR) for three-
day windows. The dashed line shows the best linear fit and the shaded area the 95%































































































































































































































































































































































































































































































































































4.4.2 The impact of changing wetland extents on landscape FCH4
Eddy covariance measurements at the landscape tower and flux footprint modeling
suggest that wetlands are the main CH4 sources within the landscape (Fig. 4.2). Direct
comparisons of FCH4_WET to FCH4_LAND support this result, as FCH4_LAND were con-
sistently smaller than FCH4_WET (Fig. 4.3a). The two fluxes became more similar with
increasing wetland contribution to landscape flux footprints (Tab. 4.I). When wetland
contributions to FCH4_LAND were large (70% - < 90%), the FCH4_WET-FCH4_LAND regres-
sion slope was closest to unity with 0.74, and decreased to 0.34 with decreasing wetland
contributions (10% - < 30%), thus confirming the dominant contribution of wetlands to
FCH4_LAND.
Table 4.I – Linear regression statistics and 95% confidence intervals (CI) of wetland
against landscape methane fluxes for different classes of wetland footprint (FP) contri-
butions to landscape flux footprints.
wetland FP
contribution
slope CI intercept CI r2 n
10% - < 30% 0.34 0.27-0.43 0.1 -4.5-4.3 0.23 257
30% - < 50% 0.43 0.36-0.50 4.4 1.1-7.4 0.28 505
50% - < 70% 0.61 0.54-0.68 1.2 -1.4-3.6 0.53 330
70% - < 90% 0.74 0.69-0.79 -1.8 -4.3-0.5 0.62 580
The smallest FCH4_LAND and the weakest response to Ts_WET were observed for the
largest forest contributions (Fig. 4.3b). From the smallest to the largest forest contribu-
tions, FCH4_base (see Eq. 4.2) decreased consistently from 56 nmol m-2 s-1 to 20 nmol
m-2 s-1, while Q10 values changed only slightly (Tab. 4.II). To estimate the forest-only
FCH4, FCH4_FOR, we derived a Q10-model using a mean Q10 value (Tab. 4.II) and a scaled
FCH4_base estimate for forest-only contributions. To scale FCH4_base, we conducted a re-
gression of the median forest contributions of the five forest contribution classes (see
Tab. 4.II) against FCH4_base (r2 = 0.91; p = 0.01; n = 5). The estimated FCH4_base was not
significantly different from zero with 2.6 nmol m-2 s-1 (95% CI: -23 - 14 nmol m-2 s-1)
and modelled FCH4_FOR remained <10 nmol m-2 s-1, even at warm Ts_WET (Fig. 4.3b).
Thus, FCH4_FOR was insensitive to Ts_WET and negligible compared to FCH4_WET.
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Table 4.II – Best-fit Q10-model parameters and corresponding 95% confidence intervals
(CI) and regression statistics of measured against modeled methane fluxes. Model fits
were conducted for classes of varying forest contribution to flux footprints (FP).
Forest FP
contribution
FCH4_base CI Q10 CI r2 n
0% - < 10% 56.1 55.4-56.9 2.5 2.5-2.6 0.69 2152
10% - < 30% 39.3 38.6-40.0 2.6 2.5-2.8 0.59 1746
30% - < 50% 28.1 27.9-29.1 3.0 2.8-3.3 0.48 1048
50% - < 70% 23.0 22.3-23.8 3.1 2.8-3.4 0.36 1788
70% - < 90% 19.7 17.9-21.2 3.7 2.8-5.1 0.35 324
Between April and October, monthly ΣFCH4_LAND and ΣFCH4_WET showed a dis-
tinct seasonal cycle (Fig. 4.3a & b). Monthly ΣFCH4_LAND increased from a mini-
mum monthly ΣFCH4_LAND of 0.2 g CH4 m
-2 in April 2015 & 2016 to a peak monthly
ΣFCH4_LAND of 2.2 g CH4 m
-2 in July & August 2015 before decreasing again to a
minimum monthly ΣFCH4_LAND of 0.5 g CH4 m
-2 in October 2014. Similarly, monthly
ΣFCH4_WET increased from a minimum of 0.5 g CH4 m
-2 in April 2016 to a peak monthly
ΣFCH4_WET of 3.9 g CH4 m
-2 in August 2015 before decreasing again to a minimum
monthly ΣFCH4_WET of 1.4 g CH4 m
-2 in October 2015. The largest relative interannual
differences in monthly ΣFCH4_LAND occurred in May & June 2014 with ΣFCH4_LAND be-
ing about 50% smaller than ΣFCH4_LAND during the same months in 2015. During these
months, Ts_WET was about 5 ◦C colder in 2014, while WTD was similar with differences




































































Figure 4.4 – Monthly cumulative growing season methane fluxes (ΣFCH4_WET) at (a) the
landscape tower (2013-2016) and (b) the wetland tower (2014-2016) and (c) growing
season dynamics of wetland water table depth (WTD) and soil temperature at 32 cm
(Ts_WET) for three years. WTD and Ts_WET measurements started in 2014.
Total growing season ΣFCH4_WET was about twice (13.0 g CH4 m
-2; 95% CI: 12.8
- 13.1 g CH4 m
-2) the ΣFCH4_LAND (6.7 g CH4 m
-2; 95% CI: 6.6 - 6.8 g CH4 m
-2;
Fig. 4.5). The mean growing season forest contribution to landscape flux footprints was
46% with wetlands contributing 52% and the lake only 2%. Wetland flux footprints
always consisted of > 95% wetlands. To scale future growing season ΣFCH4_LAND with
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changes in wetland-to-forest ratio (Eq. 4.5), we assumed that growing season ΣFCH4_FOR
was negligible and independent of Ts_WET (Fig. 4.3b). Consequently, ΣFCH4_WET was
the dominant contribution to ΣFCH4_LAND and a thaw-induced wetland expansion rate of
0.26±0.05 yr-1 increases growing season ΣFCH4_LAND by 0.034±0.007 g CH4 m-2 yr-1
(∼0.5% of current ΣFCH4_LAND).
























Figure 4.5 – Cumulative growing season CH4 fluxes (ΣFCH4) at the landscape and the
wetland tower. Growing season fluxes in 2014 and 2015 were combined to derive a full
growing season budget. Shaded areas indicate ΣFCH4 uncertainties due to the selection
of the friction velocity threshold and due to random observation and gap-filling errors.
4.4.3 Net radiative greenhouse gas forcing of a thawing boreal landscape
In the absence of long-term net CO2 uptake, the increasing ΣFCH4_LAND causes a
steady rise in radiative forcing totaling 12.3±2.4 fW m-2 (fW = 10-15 W) after 100 years.
An annual net CO2 uptake of ∼200 g CO2 m-2 yr-1 would fully compensate for this
positive radiative forcing (Fig. 4.6). However, long-term net CO2 uptake rates between
49 g CO2 m
-2 yr-1 and 157 g CO2 m
-2 yr-1 are characteristic for boreal peatlands similar
to Scotty Creek (i.e., 90% confidence interval of long-term net CO2 uptake), with bogs
and forested peat plateaus taking up less CO2 than fens. The long-term annual net CO2
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uptake, required to compensate for the positive radiative CH4 forcing is thus outside the
range of both the observed annual NEE at Scotty Creek (-71 g CO2 m
-2 yr-1, indicating
a net CO2 uptake) and the long-term net CO2 uptake from similar boreal peatlands.
Year




























































(90% CI ) + ∆ΣF
CH4_LAND
[± 95% CI]
Figure 4.6 – Net radiative greenhouse gas forcing of the thaw-induced (i.e., wetland ex-
pansion) increase in growing season landscape CH4 fluxes (ΣFCH4_LAND) referenced to
the year 1977. The solid red line represents the scenario with no net CO2 uptake. Dashed
lines show net radiative forcing for varying levels of annual net CO2 uptake (ΣFCO2) and
for annual net ecosystem CO2 exchange (NEE) measured at the landscape tower (un-
published data): negative signs indicate a net CO2 uptake. The shaded area defines the
range of net radiative forcing for long-term ΣFCO2 of similar peatlands including the un-
certainty in the wetland expansion rate estimate. Long-term ΣFCO2 is based on the 90%
confidence interval (CI) of long-term apparent carbon accumulation rates (for ’forested
peat plateaus’, ’bogs’, ’fens’; Treat et al. (2016)). Dotted lines indicate the net radiative




4.5.1 Soil temperature and water table depth controls of temporal FCH4 variation
At the seasonal time scale, Ts_WET mainly controls FCH4_WET and thus FCH4_LAND
(Fig. 4.1 & Fig. 4.2). In contrast, WTD exerts only a minor control over the season-
ality of FCH4_WET and FCH4_LAND. At Scotty Creek, the wetland and forest water ta-
ble positions are closest to the moss surface shortly after snowmelt, but decline as the
growing season progresses with increasing evapotranspiration and lateral drainage (see
Chapter 3 & Connon et al., 2015, Fig. 4.4c). This water table drawdown occurs con-
currently with Ts_WET getting warmer, inducing increasing FCH4_WET, and consequently
increasing FCH4_LAND. Similarly, Bellisario et al. (1999) observed increasing CH4 emis-
sions with decreasing WTD for a boreal peatland with WTD > -15 cm. In a boreal
minerotrophic fen with a similar WTD range as reported here, water table position only
weakly affected FCH4 after accounting for soil temperature effects (Rinne et al., 2007).
At Scotty Creek, wetland WTD was > -15 cm during 75% of the growing season (May
- October). The negative relationship between WTD and FCH4 may be reversed in drier
years when the water table position falls below a certain threshold (e.g., below the zone
of labile root exudate inputs; Treat et al. (2007)). Christensen et al. (2003) referred to
the WTD control on FCH4 as an ’on-off switch’; if the water table is within ∼10 cm of
the surface its effect on FCH4 is small compared to other environmental variables. Ad-
ditionally, in some parts of the wetland, absolute water table fluctuations may be partly
compensated by the vertical displacement of the peat surface itself (e.g., Bubier et al.,
1995; Sonnentag et al., 2010). Methane emissions from wetlands with ground surface
fluctuations are often less dependent on fluctuations in the absolute water table position
(Hartley et al., 2015).
Similar to the seasonal control of Ts_WET on FCH4, Ts_WET may also control inter-
annual ΣFCH4 variability. At Scotty Creek, smaller monthly ΣFCH4_LAND in the early
summer of 2014 appeared to be caused by ∼5 ◦C colder wetland soils compared to 2015
(Fig. 4.4). This reduction in ΣFCH4_LAND highlights the importance of Ts_WET for both
seasonal and interannual FCH4 variability (Christensen et al., 2003; Rask et al., 2002).
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Interannual ΣFCH4 variability may additionally be controlled by the average seasonal
water table (Bubier et al., 2005; Moore et al., 2011). At Scotty Creek, WTD and Ts dif-
ferences between forested peat plateaus and wetlands partly control the spatial variability
of FCH4. In the future, water table dynamics at Scotty Creek could be altered by increas-
ing growing season evapotranspiration (see Chapter 3), and/or changing snowmelt inputs
(Houghton et al., in preparation) and drainage patterns (Connon et al., 2014). Interan-
nual and long-term water table changes may then alter FCH4_LAND; better projections of
hydrological conditions in the future would therefore strengthen our ability to predict
future FCH4_LAND in the lowland boreal zone of North America (e.g., Lawrence et al.,
2015).
4.5.2 Wetland extent as control on spatial FCH4 variation
At Scotty Creek, FCH4_LAND of the thawing boreal forest-wetland landscape in-
creases with wetland extent (Fig. 4.3). Forests with permafrost are characterized by
relatively dry, cold soils with a thick unsaturated zone. In contrast, the wetlands are
permafrost-free, warmer, and have water tables that remain close to the moss surface
due to differences in local topography between the forest and wetland surfaces (Fig. II.2).
Methane production is enhanced and oxidation is reduced in the warmer, saturated wet-
land soils (e.g., Sundh et al., 1994). In the permafrost-affected forest soils, aerobic soil
conditions and the cooler Ts_FOR may result in smaller methanogen populations, unre-
sponsive to soil temperature variations, thus suppressing CH4 production (Yavitt et al.,
2006). Consequently, FCH4_LAND increases with increasing wetland-to-forest ratio due
to the characteristic differences in soil thermal and moisture conditions related to the
absence of permafrost in wetlands and the presence of permafrost in the forests (Baltzer
et al., 2014).
Previous chamber flux measurements at similar boreal peatlands corroborate the
larger CH4 emissions of permafrost-free wetlands compared to forested permafrost peat
plateaus (Bubier et al., 1995; Liblik et al., 1997; Turetsky et al., 2002). Forested per-
mafrost peat plateaus have been identified as small net CH4 sinks (> -0.1 g CH4 m
-2
yr-1; Bubier et al., 2005; Flessa et al., 2008; Liblik et al., 1997; Turetsky et al., 2002) or
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small net CH4 sources (< +20 mg CH4 m
-2 day-1 Bubier et al., 1995) with net CH4 sink-
source strengths only weakly depending on soil temperature (e.g., Bubier et al., 2005).
In accordance with our findings, Savage et al. (1997) report a chamber-based growing
season ΣFCH4 estimate of 0.03±0.05 g CH4 m-2 (May to September) for a forested per-
mafrost peat plateau in northern Manitoba, Canada.
4.5.3 Integrated growing season landscape and wetland ΣFCH4
The growing season ΣFCH4_WET of 13.0 g CH4 m
-2 (Fig. 4.5) compares well to the
annual ΣFCH4 of 12.6 g CH4 m
-2 from a boreal minerotrophic fen in Finland (Rinne et al.,
2007), to the annual ΣFCH4 of 15.3 g CH4 m
-2 from a boreal poor fen in Sweden (Nilsson
et al., 2008), and to the growing season ΣFCH4 of 11 g CH4 m
-2 of a thawing sub-Arctic
Swedish peatland complex (Johansson et al., 2006), but is smaller than the growing
season ΣFCH4 of 24.4 g CH4 m
-2 for a patterned boreal fen in Saskatchewan, Canada
(Suyker et al., 1996). In contrast, growing season ΣFCH4_WET at Scotty Creek exceed the
growing season ΣFCH4 of collapse-scar bogs in Alaska (see studies by Euskirchen et al.,
2014; Myers-Smith et al., 2007; Wickland et al., 2006, Tab. 4.III). The July and August
ΣFCH4 of 6.2 g CH4 m
-2 reported by Liblik et al. (1997) for a collapse-scar bog in the
southern Taiga Plains compares well to the 6.6 g CH4 m
-2 for July and August 2014 at
the wetland at Scotty Creek. Similarly, the growing season ΣFCH4 of 11.4 g CH4 m
-2 (15
May - 15 September) reported by Bubier et al. (1995) for a collapse-scar bog in northern
Manitoba, Canada, is of similar magnitude as the May to September ΣFCH4_WET of 11.6
g CH4 m
-2 found in this study. Growing season ΣFCH4 for forested peatlands range
between -0.1 g CH4 m
-2 and 1.1 g CH4 m
-2 (Tab. 4.III), suggesting that, generally, net




































































































































































































































































































































































































































































































































































































































































































































































































































































In this study, ΣFCH4_WET and ΣFCH4_LAND do not include winter ΣFCH4. During win-
ter, surface peat in the wetlands overlays unfrozen peat deposits while forest peat soils
are frozen through the entire profile (Fig. II.2). However, small but continuously positive
FCH4 during long boreal winters have been shown to substantially (> 10%) contribute to
annual ΣFCH4 of boreal wetlands and other high-latitude ecosystems (e.g., Christensen
et al., 2012; Jackowicz-Korczyński et al., 2010; Rinne et al., 2007; Zona et al., 2016).
For our study site, we expect forests with negligible growing season FCH4_FOR also to
be negligible winter CH4 sinks-sources. Using average FCH4_WET and FCH4_LAND in
November, March, and April (wetland [n = 233] and landscape tower [n = 1,375]), win-
ter ΣFCH4_WET and ΣFCH4_LAND (snow-cover period: November - April) are estimated
to account for 3.3 g CH4 m
-2 (25% of snow-free ΣFCH4_WET) and 1.5 g CH4 m
-2 (23%
of snow-free ΣFCH4_LAND), respectively. These winter estimates are derived with open-
path CH4 gas analyzers and need to be cautiously interpreted because large density ef-
fects (WPL term) and small ’true’ FCH4 may lead to large relative FCH4 uncertainties
(Goulden et al., 2006). A small bias accumulated over several months could lead to
an under- or overestimation of winter ΣFCH4. Additionally, ΣFCH4 derived from eddy
covariance measurements may be underestimated by up to 20 %, as indicated by the
widespread observation of surface energy balance non-closure at flux tower sites (Stoy
et al., 2013). We therefore assume that growing season ΣFCH4_WET and ΣFCH4_LAND for
Scotty Creek represent conservative estimates of annual ΣFCH4_WET and ΣFCH4_LAND,
mainly due to the significant but poorly constrained contribution of non-growing season
fluxes.
4.5.4 Thaw-induced change in landscape FCH4
Several studies have reported on seasonal CH4 emissions from boreal peatlands (e.g.,
Moore et al., 1994; Rinne et al., 2007; Suyker et al., 1996, Tab. 4.III), some provided up-
scaled CH4 budgets for boreal landscapes including peatlands (e.g., Liblik et al., 1997;
Bubier et al., 2005; Flessa et al., 2008), but few analyzed thaw-induced changes in land-
scape CH4 emissions (e.g., Johansson et al. (2006) for a sub-Arctic treeless peatland
complex). How changing landscape structure and composition in the North American
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permafrost zone perturbs boreal forest-wetland landscape ΣFCH4 has not been addressed
yet. Here, we have quantified thaw impacts on FCH4_LAND using a nested eddy covari-
ance tower setup.
The thaw-induced conversion of non-CH4 emitting forests to CH4 -emitting wet-
lands strengthens the growing season landscape net CH4 emissions (ΣFCH4_LAND) by
0.034±0.007 g CH4 m-2 yr-1 at Scotty Creek (Fig. 4.6). As an integrated measure of
ΣFCH4_LAND, eddy covariance measurements, as used in this study, avoid uncertainties
characteristic for the up-scaling of small-scale, chamber-based FCH4 measurements re-
lated to discontinuous temporal sampling and spatial under-sampling of CH4 emission
’hot spots’ (e.g., Bubier et al., 2005; Knohl et al., 2008). The increasing CH4 emissions
in boreal forest-wetland landscapes can be supported by the large organic C amounts
stored in forested peat plateaus (105±40 kg C m-2 for the 42 forested peat plateaus in
Fig. 4.6; Treat et al. (2016)). Our conservative estimate of ΣFCH4_LAND changes could
be exceeded in the future with increasing annual air temperatures potentially extending
the growing season length and thus the period with environmental conditions favorable
for CH4 production (e.g., warm Ts_WET; Moore et al., 1998). Additionally, change rates
of ΣFCH4_LAND may be larger as estimated in this study if wetland expansion accelerates
along with increasingly warmer air temperatures and increased landscape fragmentation
(Baltzer et al., 2014; Lara et al., 2016).
In contrast, some models project a decrease in ΣFCH4 in the permafrost zone in re-
sponse to climate warming and thawing permafrost (e.g., Lawrence et al., 2015). For
example, the Community Land Model (CLM) projects a decrease in high-latitude ΣFCH4
due to its predicted improved drainage conditions following permafrost thaw, and drier
soils limiting CH4 production (e.g., Koven et al., 2011; Lawrence et al., 2015). How-
ever, the current CLM, similar to other land surface schemes, does not account for thaw-
induced land surface subsidence and thus may not adequately capture future wetland
extents in lowland boreal forest-wetland landscapes (Gao et al., 2013; Lee et al., 2014).
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4.5.5 Net radiative greenhouse gas forcing due to increasing landscape ΣFCH4
Wetlands act as long-term net CO2 sinks and CH4 sources (Frolking et al., 2011).
During the first decades to centuries, emerging wetlands usually exert a positive net
radiative greenhouse gas forcing (warming effect) due to the CH4 warming effect ex-
ceeding the cooling effect of net CO2 uptake. Over longer time-scales, the net radiative
greenhouse gas forcing eventually becomes negative (cooling effect) because the CO2
cooling effect exceeds the CH4 warming effect, even with constant CO2 sink and CH4
source strengths (Frolking et al., 2006). Calculating the global warming potential (GWP)
using a fixed timeframe neglects this temporal evolution of net radiative greenhouse gas
forcing from peatlands and, by definition, does not account for temporally varying net
CO2 sink- and CH4 source-strengths (Neubauer and Megonigal, 2015). Here, the warm-
ing effects of a steadily increasing landscape CH4 source likely exceed the cooling ef-
fects of a continuous peatland net CO2 sink through the 21
st century in the dynamic net
radiative greenhouse gas forcing model (Fig. 4.6). The net CO2 uptake is derived using
two approaches: eddy covariance net CO2 flux measurements and long-term C accumu-
lation rates of similar peatland types in the permafrost zone (Treat et al., 2016). In some
peatlands affected by permafrost thaw, previously frozen, relatively labile organic C in
forested peat plateaus may decompose rapidly upon thaw and may weaken the contem-
porary peatland net CO2 sink in the future (O’Donnell et al., 2012), further increasing
the positive net radiative greenhouse gas forcing. However, the landscape NEE measure-
ments at Scotty Creek still indicate a landscape net CO2 sink, despite rapidly thawing
permafrost (Fig. 4.6).
Landscape net CO2 uptake may vary depending on the dominant peatland types in
the region. At Scotty Creek, the annual eddy covariance landscape NEE of -71 g CO2
m-2 compares well to the median long-term forested peat plateau net CO2 uptake rate
of 78 g CO2 m
-2 and to the median bog uptake rate of 88 g CO2 m
-2 (Treat et al.,
2016). In contrast, the annual CO2 uptake derived from eddy covariance landscape NEE
measurements was only half of the long-term fen net CO2 uptake from similar land-
scapes (Fig. 4.6). At the same time, fens generally emit more CH4 (Olefeldt et al., 2013,
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Tab. 4.III). Channel fens at Scotty Creek, similar to collapse-scar bogs, expand with per-
mafrost thaw (Quinton et al., 2011), but are not captured by the landscape flux footprints.
Channel fen FCH4 studies could therefore help further constraining the thaw-induced net
radiative greenhouse gas forcing.
To better predict wetland expansion in the permafrost zone, improved large-scale
mapping of poorly drained, organic-rich lowland boreal forests (e.g., Thompson et al.,
2016) is required, as these landscapes are most sensitive to thaw-induced wetland expan-
sion (see Chapter 2 & Lara et al., 2016). The future trajectories of wetland expansion
may also depend on increased atmospheric water inputs to sustain high water tables.
The water demand could be satisfied by projected increases in water availability at high
latitudes (Lawrence et al., 2015).
Here, we show that the climate warming effect of thaw-induced ΣFCH4 increases in
a boreal forest-wetland landscape likely exceeds the cooling effect of long-term net CO2
uptake over the current century (i.e., a positive net radiative greenhouse gas forcing;
Fig. 4.6). However, the thaw-induced wetland expansion in the southern Taiga Plains
also induces regional climate cooling due to increases in albedo and decreases in sensible
heat fluxes (see Chapter 3). To quantify the total net radiative greenhouse gas forcing of
wetland expansion in the sporadic permafrost zone and to compare it to its net radiative
biophysical forcing, wetland expansion rates need to be up-scaled from local to regional
scales.
In the southern Taiga Plains, current thaw-induced wetland expansion is already
modifying how boreal peatlands in the sporadic permafrost zone interact with the global
and regional climates. Process-based models aiming to predict such thaw impacts on
climate thus need to account for various dynamic interactions between permafrost, local
topography and regional hydrology, and FCH4. Nested FCH4 measurements, such as pre-
sented in this study, offer an opportunity to evaluate the performance of such models to




DIRECT AND INDIRECT CLIMATE CHANGE EFFECTS ON CARBON
DIOXIDE FLUXES IN A THAWING BOREAL FOREST-WETLAND
LANDSCAPE
Context within the thesis
The present chapter analyzes the indirect climate change impact of thaw-induced
land cover changes on NEE and the direct climate change effect of changing meteoro-
logical conditions on NEE in the southern Taiga Plains. To achieve this goal, I combine
eddy covariance net CO2 fluxes, its component fluxes GPP and ER, boundary analysis of
GPP, and downscaled projections of end-of-21st-century air temperatures and incoming
shortwave radiation. Chapter 5 complements results on long-term boreal peatland net
CO2 uptake (as derived from paleoecological studies) presented in chapter 4 and fur-
ther explores the spatio-temporal dynamics of NEE, GPP, and ER. More specifically, the
study characterizes how photosynthetic CO2 uptake and respiratory CO2 losses, together
making up NEE, are affected by thawing permafrost. Chapter 3, 4 and 5 together provide
a comprehensive analysis of thaw-induced impacts on land-atmosphere interactions by
focussing on energy and water fluxes, CH4 and CO2 fluxes, respectively. Additionally,
chapter 5 addresses, but also opens questions on direct climate change impacts on land-
atmosphere interactions. While changes in landscape structure and composition may
affect the land surface response to meteorological forcing, the net climate change im-
pacts on land-atmosphere interactions are driven by the combination of changes in land
surface response and in meteorological forcing.
5.1 Abstract
In the sporadic permafrost zone of northwestern Canada, boreal forest carbon diox-
ide (CO2) fluxes will be altered directly by climate change through changing meteoro-
logical forcing and indirectly through changes in landscape functioning associated with
thaw-induced collapse-scar bog (‘wetland’) expansion. However, their combined effect
on landscape-scale net ecosystem CO2 exchange (NEELAND), resulting from changing
gross primary productivity (GPP) and ecosystem respiration (ER), remains unknown.
Here, we quantify indirect land cover change impacts on NEELAND and direct climate
change impacts on modeled temperature- and light-limited NEELAND of a boreal forest-
wetland landscape. Using nested eddy covariance flux towers, we find both GPP and ER
to be larger at the landscape compared to the wetland level. However, annual NEELAND
(-20 g C m-2) and wetland NEE (-24 g C m-2) were similar, suggesting negligible wet-
land expansion effects on NEELAND. In contrast, we find non-negligible direct cli- mate
change impacts when modeling NEELAND using projected air temperature and incoming
shortwave radiation. At the end of the 21st century, modeled GPP mainly increases in
spring and fall due to reduced temperature limita- tion, but becomes more frequently
light-limited in fall. In a warmer climate, ER increases year-round in the absence of
moisture stress resulting in net CO2 uptake increases in the shoulder seasons and de-
creases during the summer. Annually, landscape net CO2 uptake is projected to decline
by 25 ± 14 g C m-2 for a moderate and 103 ± 38 g C m-2 for a high warming scenario,
potentially reversing recently observed positive net CO2 uptake trends across the boreal
biome. Thus, even without moisture stress, net CO2 uptake of boreal forest-wetland
landscapes may decline, and ultimately, these landscapes may turn into net CO2 sources
under continued anthropogenic CO2 emissions. We conclude that NEELAND changes
are more likely to be driven by direct climate change rather than by indirect land cover
change impacts.
5.2 Introduction
The boreal biome, with its distinct land-atmosphere exchange of sensible heat, wa-
ter vapor, methane, and CO2, plays an important role in the global and regional climate
systems (Chapin et al., 2000). For example, boreal forests represent an important car-
bon (C) sink of about 0.5 Pg C yr-1 (Pan et al., 2011), equivalent to 17 ± 6 % of the
global land CO2 sink (Le Quéré et al., 2015). Climate warming in the boreal biome
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of northwestern North America has caused widespread permafrost thaw at the southern
permafrost limit inducing wetland expansion leading to replacement of boreal forests
in lowland regions (e.g., Chapter 2; Chasmer and Hopkinson, 2016; Lara et al., 2016).
Previous studies have shown that land cover changes in these regions affect regional
land-atmosphere interactions by favoring the partitioning of available energy to latent
instead of sensible heat (see Chapter 3) and by enhancing landscape methane emissions
(see Chapter 4). However, it remains uncertain how climate warming and resulting land
cover changes influence net ecosystem CO2 exchange (NEE), and its component fluxes
gross primary productivity (GPP) and ecosystem respiration (ER) (Schuur et al., 2015).
Along the southern limit of the North American per- mafrost zone, long-term net
CO2 uptake has resulted in large organic C stocks as peat (Robinson and Moore, 1999;
Tarnocai et al., 2009; Treat et al., 2016). In these organic-rich boreal landscapes, thaw-
ing permafrost makes previously frozen organic C stocks available for decomposition
and ER may be enhanced by warming soils (Koven et al., 2015; Natali et al., 2014;
O’Donnell et al., 2012; Schuur et al., 2009; Treat et al., 2014). However, permafrost
thaw in organic- and ice-rich landscapes often leads to surface subsidence and increased
land surface wetness (e.g., Baltzer et al., 2014; Osterkamp et al., 2000). Under sat-
urated and anoxic conditions, associated with subsidence, organic matter decomposes
more slowly, causing only an attenuated post-thaw increase in ER (Knoblauch et al.,
2013). At the same time, GPP might increase due to increased nutrient and soil moisture
availability, and warmer soil and air temperatures (Ts and Ta) (e.g., Camill et al., 2001;
Finger et al., 2016; Keuper et al., 2012; Turetsky et al., 2000, 2007; Wickland et al.,
2006). The combination of changes in both GPP and ER in a warming climate will
eventually determine whether organic-rich boreal landscapes will continue to be long-
term CO2 sinks exerting a climate cooling effect (Frolking et al., 2006). Since 1985, the
land net CO2 sink in the boreal biome (50
◦ to 60◦ N, excluding Europe) increased by
8-11 Tg C yr-1 (Welp et al., 2016), but it remains unclear whether this trend will continue
in an increasingly warmer climate.
Recent warming trends in northwestern Canada, in the order of 0.25-0.50 ◦C per
decade (DeBeer et al., 2016), are likely to continue and potentially accelerate during the
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21st century (Kirtman et al., 2013). Direct climate change effects result from instan-
taneous ecosystem responses to these altered meteorological conditions. For example,
boreal forest GPP is suppressed at Ta below the freezing point and increases with both
Ta- and light-availability (Luyssaert et al., 2007; Tanja et al., 2003), while ER increases
with Ta and Ts (Dunn et al., 2007; Ueyama et al., 2014). In addition to substantially
warmer regional climates at high latitudes, changes in cloud cover could alter incoming
shortwave radiation (SWin, W m-2) in these regions (Kirtman et al., 2013). In con-
trast, indirect climate change impacts result from changes in ecosystem composition,
structure, and function thus altering how ecosystems may respond to variations in me-
teorological conditions. For example, a gradual increase in the temperature sensitivity
of ER over several years can alter NEE of boreal forests in the absence of any warm-
ing trend (e.g., Hadden and Grelle, 2016). The abrupt vegetation changes following
permafrost thaw in lowland boreal forests may trigger shifts in ecosystem functioning
(Camill et al., 2001). Thus, both direct and indirect climate change effects on GPP and
ER need to be assessed to better constrain the future NEE of peatland landscapes in the
permafrost zone.
Recent warming trends in northwestern Canada, in the order of 0.25-0.50 ◦C per
decade (DeBeer et al., 2016), are likely to continue and potentially accelerate during the
21st century (Kirtman et al., 2013). Direct climate change effects result from instan-
taneous ecosystem responses to these altered meteorological conditions. For example,
boreal forest GPP is suppressed at Ta below the freezing point and increases with both
Ta and light availability (Luyssaert et al., 2007; Tanja et al., 2003), while ER increases
with Ta and Ts (Dunn et al., 2007; Ueyama et al., 2014). In addition to substantially
warmer regional climates at high latitudes, future changes in cloud cover could alter in-
coming shortwave radiation (SWin, W m-2) in these regions (Kirtman et al., 2013). In
contrast, indirect climate change impacts result from changes in ecosystem composition,
structure, and function, thus altering how ecosystems may respond to variations in me-
teorological conditions. For example, a gradual increase in the temperature sensitivity
of ER over several years can alter NEE of boreal forests in the absence of any warming
trend (e.g., Hadden and Grelle, 2016). The abrupt vegetation changes following per-
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mafrost thaw in lowland boreal forests may trigger shifts in ecosystem function (Camill
et al., 2001). Thus, both direct and indirect climate change effects on GPP and ER need
to be assessed to better constrain the future NEE of organic-rich boreal landscapes in the
permafrost zone.
Here, we examine the direct climate change effects of altered meteorological condi-
tions and the indirect effects of thaw-induced wetland expansion on NEE and its com-
ponent fluxes GPP and ER for a boreal forest-wetland landscape in a rapidly thawing
lowland region at the southern limit of permafrost in northwestern Canada (Baltzer et al.,
2014; Quinton et al., 2011). We use nested eddy covariance net CO2 flux measurements
to compare NEE of the thawing landscape to NEE of a nearby permafrost-free wetland
within the heterogeneous landscape, both exposed to the same meteorological condi-
tions. Downscaled regional climate projections are used to assess the GPP, ER, and NEE
response to a changing climate. We analyze:
— how thaw-induced wetland expansion and associated forest loss indirectly affect
NEE, GPP, and ER of the boreal forest-wetland landscape, and
— how how these indirect climate change effects compare to direct effects of pro-
jected changes in Ta and SWin over the 21st century.
5.3 Materials and Methods
5.3.1 Study site
Scotty Creek (61◦18’ N; 121◦18’ W) is a 152-km2 watershed in the sporadic per-
mafrost zone (10–50 % of land area underlain by permafrost) near Fort Simpson, NT in
the southern Taiga Plains of northwestern Canada. With 70 Pg of soil organic C in the
top 3 m, the Taiga Plains store about 15 % of the total organic C stocks (< 3 m) in the
North American permafrost zone (data from Hugelius et al., 2013). The dry continen-
tal climate of the Fort Simpson region is characterized by a mean Ta of -2.8 ◦C and a
mean total precipitation of 388 mm with 149 mm falling as snow (1981-2010; Environ-
ment Canada, 2014). The southern part of Scotty Creek is characterized by a mosaic
of forested permafrost (peat) plateaus, wetlands, forested uplands, and shallow lakes
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(Chasmer et al., 2014). Permafrost-free wetlands (‘wetlands’) occur mainly as collapse-
scar bogs dominated by bryophytes (Sphagnum balticum and S. magellanicum), erica-
ceous shrubs (Chamaedaphne calyculata, Andromeda polifolia, Vaccinium oxycoccos),
pod grass (Scheuchzeria palustris), and a few isolated black spruce (Picea mariana)
and tamarack (Larix laricina). In contrast, forested permafrost plateaus (‘forests’) are
characterized by a denser overstory of black spruce with a shrub understory and a ground
cover comprising ericaceous shrubs (mainly Rhododendron groenlandicum), and lichens
(Cladonia spp.) and bryophythes (Sphagnum fuscum and S. capillifolium), respectively
(Garon-Labrecque et al., 2015). Abiotic and biotic characteristics change abruptly be-
tween these two ecosystem types as indicated by contrasting overstory leaf area index
(≥ 1 vs. ≤ 0.5 for forest and wetland, respectively) and soil moisture conditions (≤ 30
% for the forests compared to ≥ 70 % for the wetlands). An active layer (i.e., season-
ally thawed surface soil) of approximately 50 cm overlays near-surface permafrost in
the forests. No near-surface permafrost is present in the wetlands (Baltzer et al., 2014).
These changes occur over several meters across transition zones with inundated, warmer
peat soils (Baltzer et al., 2014; Bubier et al., 1995, Fig. 5.1). Warm soils in the wetlands
cause lateral thawing of near-surface permafrost underlying the forests and, thus, a rapid






































































































































































































































































































































































































































































At Scotty Creek, forests and wetlands comprise thick organic peat soils of ≥ 3 m
with a mean total organic C content of 167 ± 11 kg C m-2 (n = 3; Pelletier et al., 2017).
About 20 % of North America’s boreal forests grow in the circumpolar permafrost zone
on ice-rich permafrost and thick overburden cover and are thus prone to thaw-induced
surface subsidence and to forest loss in a warming climate (see Chapter 2 & Olefeldt
et al., 2016).
5.3.2 Eddy covariance flux measurements
Eddy covariance net CO2 flux measurements were conducted at a landscape tower at
15.2 m above the mean lichen-moss surface of the permafrost plateau (March 23, 2015
to August 30, 2016) and at a nested wetland tower at 1.9 m above the mean moss surface
(June 10, 2015 to August 30, 2016). At the wetland and the landscape tower, high-
frequency (10 Hz) fluctuations of vertical wind velocity and sonic temperature were
measured with a sonic anemometer (CSAT3A; Campbell Scientific, Logan, UT, USA)
and CO2 and water vapor densities with a colocated open-path infrared gas analyzer
(EC150; Campbell Scientific). At the beginning of the study period (March 23, 2015
to August 16, 2015), an enclosed infrared gas analyzer (LI-7200; LI-COR Biosciences,
Lincoln, NE, USA) was used for CO2 and water vapor density measurements at the
landscape tower. Differences in net CO2 fluxes derived from the LI-7200 and the EC150
were less than 5 % and cumulative net CO2 fluxes over 57 days differed by 8 % (Helbig
et al., 2016a). Net ecosystem CO2 exchange for the landscape (NEELAND; µmol m
-2 s-1)
and the wetland tower (NEEWET; µmol m-2 s-1) was calculated as the sum of the tur-
bulent net CO2 flux and a storage term. The storage term was derived from half-hourly
CO2 concentration changes at the measurement heights. We follow the micrometeoro-
logical NEE convention where net landscape/ecosystem CO2 uptake is indicated by a
negative sign and net CO2 release to the atmosphere by a positive sign. Net ecosystem
CO2 exchange was filtered for periods with insufficient turbulence using a landscape
tower friction velocity threshold of 0.13 m s-1 (95 % confidence interval (CI): 0.10–0.21
m s-1), derived according to Papale et al. (2006). The 95 % CI was derived by using
100 bootstrapped nighttime NEE time series as input. The same threshold was used
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for the wetland and the landscape tower as the wetland is nested in the landscape tower
footprints. All flux calculations were performed using the EddyPro software (version
6.1.0; LI-COR Biosciences). A more detailed description of the instrumental setup and
the flux processing procedure is given in Chapter 3 and Helbig et al. (2016a). For the
entire study period, 55 % (daytime: 68 %; nighttime: 39 %) and 43 % (daytime: 56 %;
nighttime: 28 %) of NEE passed the quality control at the landscape and wetland tower,
respectively.
5.3.3 Assessing indirect climate change impacts on CO2 fluxes using nested eddy
covariance fluxes
Footprint modeling. Half-hourly 2-D flux footprints for the wetland and the land-
scape tower [defined as half-hourly probability maps of flux contribution per unit area
(% per m-2)] were obtained according to Kljun et al. (2015).. The flux footprints were
combined with a land cover classification map (Chasmer et al., 2014), as described in
Chapter 3 and 4, to derive sums of half-hourly probabilities of flux contributions for
individual land cover types (i.e., flux footprint contributions from forests and wetlands;
Fig. 5.1). Additionally, transition zones were delineated based on aerial photographs as
areas of wetland expansion (and thus of forest loss) since 1977 (see Chasmer et al.,
2010). Within a radius of 350 m around the landscaper tower, 21 % of the land surface
was classified as transition zone. Their flux footprint contributions were then separately
derived for each half-hourly flux measurement. Transition zones are part of the wet-
land land cover type and their definition is to some extent arbitrary, as a reference year
(here 1977, the first year of available aerial photography) is used to differentiate be-
tween gradual transition zones and interior wetlands. As the half-hourly variability in
transition zone contribution was relatively small (standard deviation: 2 % for wetland
tower and 5 % for landscape tower), only their average flux footprint contribution to the
two flux towers over the entire study period was analyzed. Wetland NEE was discarded
when forest contributions were greater than 5 %, and NEELAND was discarded when
contributions from a nearby lake were larger than 5 % (Fig. 5.1). On average, forest
contributions to landscape tower footprints were 48 %, whereas wetlands contributed
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50 % (48 % from bogs and 2 % from fens). The remaining contributions originated
from the nearby lake. The wetland tower was located in a collapse-scar bog, and ≥
95 % of the wetlands within the landscape tower footprint were collapse-scar bogs. In
the following, ‘wetlands’ therefore refer to collapse-scar bogs. Fens represent a second
permafrost-free wetland ecosystem type covering about 12 % of the entire Scotty Creek
watershed (Chasmer et al., 2014). Similar to collapse-scar bogs, fens are expanding due
to permafrost thaw (Chasmer and Hopkinson, 2016). Due to their differing hydrology,
vegetation composition, and nutrient availability, CO2 flux dynamics of fens most likely
differ from CO2 flux dynamics of collapse-scar bogs (e.g., Bubier et al., 1995; Treat
et al., 2016; Yu, 2006).
Flux partitioning. Gaps in NEE were filled using the mar- ginal distribution sampling
method (Reichstein et al., 2005) with SWin, Ta, and water vapor pressure deficit (VPD,
kPa) as look-up table variables. We calculated annual NEE for 100 friction velocity
thresholds (as derived from bootstrapped night-time NEE) to derive the 95 % CI of
annual NEE.
To partition NEE into its component fluxes, GPP (µmol m-2 s-1) and ER (µmol m-2
s-1), we used a bulk partitioning approach (e.g., Runkle et al., 2013). The non-gap-
filled, half-hourly daytime NEE (SWin > 5 W m-2) was fit to a bulk model combining a
rectangular hyperbola function (for GPP) and an empirical Q10 model (for ER):
NEE =−GPP+ER =− GPPmaxαiSWin








GPPmax (µmol m-2 s-1) is the maximum canopy photosynthetic capacity, α i (µmol
m-2 s-1 per W m-2) is the initial canopy quantum efficiency, ERbase (µmol m-2 s-1) is
the basal respiration at a reference temperature (Tref = 15 ◦C), Q10 indicates the sensi-
tivity of ER to Ta, and γ = 10 ◦C is a constant (e.g., Mahecha et al., 2010). For the
Q10 model, we selected Ta measurements within the forest canopy at 2 m above the
lichen-moss surface because Ta represents an integrated tem- perature measure for the
landscape, whereas soil temperature varies spatially (laterally and vertically) across the
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heterogeneous landscape (see Chapter 4). We fixed the Q10 parameter in a first iteration
(Q10 = 2.5 [landscape] and Q10 = 1.1 [wetland]) before deriving the final GPPmax, α , and
ERbase, as described in Reichstein et al. (2005). To derive a complete ER time series, we
combined gap-filled nighttime NEE (i.e., ER) with the modeled daytime ER (see Term
B in Eq. 5.1). Ecosystem respiration was then subtracted from measured NEE to de-
rive GPP. Using only daytime NEE to obtain daytime ER, we account for potential light
inhibition of leaf respiration during the day (Wehr et al., 2016) and avoid prob- lems
of extrapolating relationships between nighttime Ta and ER to daytime conditions (e.g.,
Lasslop et al., 2010). We assessed indirect land cover change impacts on CO2 fluxes by
analyzing differences between NEE and derived component fluxes from the two eddy
covariance flux towers with contrasting flux footprint composition.
Modeling NEE and GPP. In this study, we assess how daily light and temperature
conditions affect mean daily NEELAND. Net ecosystem CO2 exchange is the small dif-
ference between its two large component fluxes GPP and ER. Ecosystem respiration is
strongly controlled by temperature, whereas light and temperature are strong controls
on GPP, highlighting the potentially different responses of ER and GPP to changing cli-
matic conditions (e.g., Fang and Moncrieff, 2001; Huxman et al., 2003; Lafleur et al.,
2005). We therefore modeled light regulation of GPP using the rectangular hyperbola
function in Eq. 5.1 and used a downward regulation scalar [f (Ta) in Eq. 5.2] to account
for temperature limitation of GPP. Mean daily GPP was fitted to the following equa-
tion with the nlinfit function in MATLAB (version 8.6.0; The MathWorks, Natick, MA,
USA) using daily means of Ta and SWin:




f (Ta) is implemented as a sigmoidal function ranging from 0 to 1 and accounts for
instantaneous temperature constraints using mean daily Ta and for seasonal temperature
constraints using a moving Ta average (i.e., average of seven preceding days, Ta_week;
◦C). The Ta_week constraint accounts for seasonality in biological controls other than the
instantaneous GPP response to Ta, such as physiological activity (e.g., Rayment et al.,
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2002) and thermal acclimation (e.g., Gea-Izquierdo et al., 2010). According to Liebig’s
law, we assume that only the more limiting factor controls GPP (e.g., Yuan et al., 2007):







where a, b, and c are model coefficients. Additionally, we constructed an ER model
(ERMOD) by fitting a Q10 model (Term B in Eq. 5.1 based on daily Ta) to mean daily
ER. Modeled NEE (NEEMOD) was calculated as the sum of GPPMOD and ERMOD. Thus,
NEEMOD only depends on the climatic controls Ta and SWin and does not account for
other environmental or biological limitations on NEE (e.g., soil moisture limitations;
Niu et al., 2011; Peichl et al., 2013). Model uncertainties were estimated based on 1000
bootstrapped GPP and ER time series. To characterize how the potential of NEELAND
(NEEPOT) responds to changes in thermal conditions, we defined NEEPOT as the most
negative daily NEELAND for given daily Ta (i.e., NEELAND < 15 %ile per Ta bin with
each bin containing 2.5 % of all data). Like NEEPOT, we defined the temperature- con-
trolled potential of GPPLAND (GPPPOT_Ta) as the upper limit of daily GPPLAND for a
given daily Ta and Ta_week. To characterize the light control on the potential of GPPLAND
(GPPPOT_SWin), we defined GPPPOT_SWin as the upper limit of daily GPPLAND for a given





where GPPPOT_i is modeled GPPPOT for the variable xi (i.e., Ta/Ta_week and SWin),
and k, m, n, and l are model coefficients. We defined GPPPOT as temperature-limited if
GPPPOT_Ta for the observed daily Ta or Ta_week was smaller than GPPPOT_SWin for the
observed daily SWin. For the opposite case, GPPPOT was light-limited. If differences
in GPPPOT_Ta and GPPPOT_SWin were less than 10 %, we assumed that GPPPOT was
colimited by temperature and light.
Assessing direct climate change impacts on NEE. To assess direct climate change
impacts on NEEMOD, GPPMOD, and ERMOD, we used the modeling approach described
above with regionally downscaled climate projections as drivers. We obtained Ta and
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SWin for the period 2006-2015 and 2091-2100 from the North American Coordinated
Regional Climate Downscaling Experiment (CORDEX; http://www.cordex.org)
and extracted daily time series for Scotty Creek. The CORDEX provides downscaled
climate projections at 50-km resolution for various combinations of Earth system mod-
els (ESM) and regional climate models (RCM). We used the ensemble means of six
CORDEX projections for two Representative Concentration Pathway (RCP) scenar-
ios: the medium warming RCP4.5 and the high warming RCP8.5 scenario (for selected
RCM/ESM simulations, see Fig. 1.4; https://na-cordex.org/simulations-
modeling-group). We used both RCPs to compare the scenario leading to the
strongest warming (RCP8.5) with a more moderate scenario (RCP4.5). Currently, global
net CO2 emissions follow the most pessimistic CO2 emission scenario, but these may be
reduced depending on future climate policies (Friedlingstein et al., 2014a). To adjust
for potential systematic differences between modeled (CORDEX) and measured Ta, we
debiased modeled Ta for each CORDEX projection before calculating ensemble means
by regressing it against measurements of daily Ta (Wilby et al., 2004) from the near-
est weather station in Fort Simpson (∼50 km; 2006-2015; Environment Canada, 2016;
http://climate.weather.gc.ca/climate_data/). We constrained the re-
gression to periods when both CORDEX and weather station Ta > 5 ◦C as the root-
mean-square error between modeled and measured Tafor colder periods increased by
about 50%.
5.4 Results
5.4.1 Half-hourly landscape and wetland NEE
Between June 10, 2015 and August 30, 2016, wetlands and forests contributed equally
to landscape flux foot- prints with 50±30 % (±95 % CI) and 47±28 %, respectively (and
3 % from the lake). About a third of the wetland contributions to the landscape flux foot-
prints originated from the forest-to-wetland transition zones (i.e., total transition zone
contributions to landscape flux footprints were 18±10 %). In contrast, transition zones
only contributed 3±3 % to the wetland flux footprints. NEELAND ranged from -7.9 µmol
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m-2 s-1 (1st percentile) to 4.8 µmol m-2 s-1 (99th percentile) whereas a smaller range from
-5.2 µmol m-2 s-1 (1st percentile) to 3.9 µmol m-2 s-1 (99th percentile) was observed for
NEEWET (Fig. 5.2). Positive NEELAND was more positive (i.e., more net CO2 release)
than NEEWET and negative NEELAND was more negative (i.e., more net CO2 uptake)
than NEEWET with a total least-squares (TLS) slope between NEEWET and NEELAND
of 1.49±0.03 and an intercept of 0.24±0.03 µmol m-2 s-1. Slopes for this relationship
were independent of wetland contributions (FPWET; %) to landscape flux footprints. The
slope for periods with FPWET smaller than or equal to 50 % (1.50±0.05) was not sig-
nificantly different (α = 0.05) from the slope for periods with FPWET larger than 50
% (1.43±0.03). Slopes were consistently positive for night- and day-time NEELAND-
NEEWET relationships. However, the nighttime slope for low FPWET (1.32±0.18) was
significantly smaller than the slope for high FPWET (1.81±0.15), indicating that night-
time NEELAND differed more from NEEWET when wetland contributions to landscape
flux footprints were large. For the daytime NEEWET and NEELAND relationships, the
slope for high FPWET of 1.52±0.05 was significantly smaller than the slope for low
FPWET of 1.71±0.07. NEELAND and NEEWET relationships were independent of wind
direction as slopes for periods with northerly winds with overlapping wetland and land-
scape flux footprints were similar to slopes for periods with non-overlapping footprints
(data not shown).
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Figure 5.2 – Comparison of half-hourly net ecosystem carbon dioxide exchange at the
landscape (NEELAND) and wetland scale (NEEWET) for (a) all, (b) only nighttime, and
(c) only daytime measurements. Data points are color-coded according to the wetland
contribution to landscape flux footprints (FPWET). The solid blue and yellow lines show
the total least-squares regressions for low (FPWET < 50 %) and high FPWET (FPWET ≥
50 %), respectively.
5.4.2 Daily landscape and wetland NEE and their component fluxes
Monthly medians of daily NEELAND and NEEWET were negative from May to Au-
gust (i.e., net CO2 uptake period) when minimum daily Ta was generally warmer than
0 ◦C and positive for the remaining 8 months with minimum daily Ta at or below 0 ◦C
for most of the days (Fig. 5.3a, Fig. IV.2 & IV.1). Maximum positive daily NEELAND
and NEEWET were observed in November 2015 with medians of 0.48 µmol m-2 s-1
and 0.46 µmol m-2 s-1, respectively, when Ta was below 0 ◦C, maximum SWin smaller
than 200 W m-2, but soil temperatures in the wetlands (at 32 cm) still between 1 ◦C
and 2.5 ◦C (Fig. IV.1). Minimum negative NEEWET and NEELAND in 2016 occurred in
July with -0.86 µmol m-2 s-1 and -1.01 µmol m-2 s-1, respectively. From May to July
2015, monthly medians of daily NEELAND were more negative than NEEWET (Wilcoxon
signed-rank test; p < 0.05). In contrast, the median of daily NEELAND was less nega-
tive than NEEWET in August 2015 (p < 0.001) and not significantly different during the
same month in 2016. Monthly medians of daily NEELAND in September, October, and
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December were more positive than NEEWET while no significant differences were ob-
served for the remaining winter months. Differences in the derived daily component
fluxes GPP and ER were more pronounced with monthly medians of daily GPPWET and
ERWET being significantly smaller than GPPLAND and ERLAND from March to Novem-
ber (Fig. 5.2b & c). During the winter months between December and April, differences
in landscape and wetland GPP and ER were smaller than 0.1 µmol m-2 s-1.The largest
GPP and ER differences were observed in June 2015 with monthly medians of GPPWET
being 1.8 µmol m-2 s-1 smaller than medians of GPPLAND and monthly medians of
ERWET being 1.6 µmol m-2 s-1 smaller than medians of ERLAND. In 2016, the largest
dif- ferences in monthly medians of GPP and ER were observed in July with 1.5 µmol
m-2 s-1 and 1.3 µmol m-2 s-1, respectively. Between 2015 and 2016, the patterns and
magnitude of NEE, GPP, and ER from both towers were similar for the overlapping


















































































Figure 5.3 – (a) Daily net ecosystem carbon dioxide exchange (NEE), (b) gross primary
productivity (GPP), and (c) ecosystem respiration (ER) from the wetland and landscape
(including wetlands and forests) tower for individual months. Boxes show 25th and 75th
percentiles; gray lines inside the boxes show medians. Asterisks indicate if monthly
medians are significantly different (Wilcoxon signed-rank test; * α = 0.05 / ** α = 0.01
/ *** α = 0.001). Note that data from the wetland tower is missing for April, May, and
July 2015 due to sensor malfunctioning.
5.4.3 Annual landscape and wetland NEE
Annual NEELAND and NEEWET (ΣNEE, g C-CO2 m
-2; ; August 1, 2015 to July
31, 2016) were not significantly different with -20.1 g C-CO2 m
-2 (-14.6 to -26.9 g C-
CO2 m
-2 [95 % CI]) and -23.5 g C-CO2 m
-2 (-19.6 to -35.1 g C-CO2 m
-2), respectively
(Fig. 5.4). Both the landscape and the wetland were thus small net CO2 sinks. Shortly
after snow melt, the landscape and wetland wintertime net CO2 source switched to a net
CO2 sink. From August 2015 until the end of snow melt in 2016, ΣNEELAND was more
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positive (65.1 g C-CO2 m
-2) than ΣNEEWET (39.3 g C-CO2 m
-2).. The following larger
landscape net CO2 uptake between May and July 2016 reduced the annual ΣNEE differ-
ences to 3.4 g C-CO2 m
-2. Only in the beginning of January, wetland soil temperature
(at 32 cm) dropped to near freezing temperature of water (Fig. IV.1), and the mean early
winter (October to December) respiratory net CO2 losses at the wetland and landscape
tower dropped by more than 50 %, remaining low until snow melt (January to April). In
contrast to ΣNEELAND and ΣNEEWET, the ΣGPPLAND of 532 g C-CO2 m
-2 was larger
than the ΣGPPWET of 378 g C-CO2 m
-2. Similarly, the ΣERLAND (512 g C-CO2 m
-2)
exceeded the ΣERWET (355 g C-CO2 m
-2, data not shown).









































Figure 5.4 – Cumulative gap-filled net ecosystem carbon dioxide exchange at the land-
scape and wetland scale (ΣNEELAND & ΣNEEWET, solid lines). Gray shaded areas
indicate 95 % confidence intervals of ΣNEE between August 2015 and 2016 due to the
friction velocity threshold and random errors in NEE measurements.
5.4.4 Meteorological controls of potential NEE, GPP, and ER
While both GPPLAND and ERLAND increased consistently with Ta, the largest mean
daily net CO2 uptake (NEELAND) was observed at mean daily Ta of approximately 15
◦C (Tab. 5.I). Daily mean NEEPOT was ∼0 µmol m-2 s-1 for mean daily Ta < 2 ◦C and
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became increasingly more negative at warmer Ta reaching a minimum of ∼-2 µmol
m-2 s-1 at about 15 ◦C, before it became again slightly less negative for warmer Ta
(Fig. 5.5a). Currently, mean daily Ta at Fort Simpson is below 2 ◦C on more than 50 %
of the days of the year (median of 0.2 ◦C; 2006–2015). In contrast, only about 43 % of
days are projected to be below this threshold at the end of the 21st century for the RCP
8.5 scenario (median of 4.8 ◦C; 2091–2100). Under the current climate, 15 % of daily Ta
exceeds the optimum NEEPOT temperature of 15 ◦C. The fraction of days with daily Ta
above this threshold is projected to rise to 30 % (RCP8.5) by the end of the 21st century.
Both Ta and SWin limit GPPPOT (Fig. 5.5b - d). Maximum mean daily GPPLAND of
∼6 µmol m-2 s-1 was observed when mean daily Ta and Ta_week were warmer than 15
◦C and mean daily SWin was larger than ∼200 W m-2. Mean daily ERLAND rapidly
increased with Ta above the freezing point reaching a maximum ERLAND of ∼5 µmol
m-2 s-1 at ∼20 ◦C. The Ta-based Q10 model explained 75 % of the variance in daily
ERLAND [root-mean-square error (RMSE): 0.8 µmol m-2 s-1; for model parameters, see
Fig. 5.6]. The combined Ta-SWin model of GPPLAND explained 88 % of the variance in
daily GPPGPPLAND (RMSE: 0.7 µmol m-2 s-1). Modeled NEEGPPMOD - the difference
between GPPGPPMOD and ERGPPMOD – explained 45 % of the variance in mean daily
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= 2.56 + 2.24





(Ta - Tref )
γ
Figure 5.6 – Mean daily ecosystem respiration at the landscape tower (ERLAND) against
mean daily Ta. Solid line shows the best-fit Q10-model.
Table 5.I – Mean daily net ecosystem CO2 exchange (NEELAND), gross primary pro-
ductivity (GPPLAND), and ecosystem respiration (ERLAND) at landscape-level (± one
standard deviation) for 5 ◦C-daily air temperature (Ta) bins between March 23, 2015
and August 30, 2016. Number of days (n) for bins for the observation period at Scotty
Creek and the percentage of days with Ta within the bins at Fort Simpson between 2006
and 2015 (data from: Environment Canada, 2014; http://climate.weather.
gc.ca/climate_data/).
Ta bin NEELAND ± std GPPLAND ± std ERLAND ± std n Days
%
◦C µmol m-2 s-1 µmol m-2 s-1 µmol m-2 s-1
Ta ≤ -2.5 ◦C +0.28±0.22 0.04±0.11 0.33±0.17 169 45.6
-2.5 < Ta ≤ 2.5 +0.28±0.27 0.21±0.19 0.49±0.22 53 8.5
2.5 < Ta ≤ 7.5 +0.16±0.56 0.72±0.68 0.88±0.62 52 9.1
7.5 < Ta ≤ 12.5 -0.45±0.65 2.26±1.32 1.81±1.03 63 10.5
12.5 < Ta ≤ 17.5 -0.67±0.85 3.74±1.40 3.08±1.06 90 15.2
17.5 < Ta ≤ 22.5 -0.80±0.58 4.35±1.32 3.55±1.07 86 9.8
Ta > 22.5 -0.59±0.52 5.15±0.59 4.56±0.74 12 1.3
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5.4.5 Temperature- and light limitation of GPPPOT
During the measurement period, GPPPOT was mainly temperature-limited in late
winter (until early May) with cold Ta suppressing GPP despite high SWin (Fig. 5.5d
& Fig. 5.7a). With warming Ta in June 2016, the fraction of days when GPPPOT was
Ta-limited dropped to 33% compared to 94% in May 2016 (Fig. 5.7a). In July 2016,
GPPPOT was co-limited by Ta and SWin on 74% of days (Fig. 5.7b). Light limitation
of GPP was rare until July (≤ 10% of days) and became more frequent in August and
October with 19% and 23% of days, respectively (Fig. 5.7c). From July to September,
the fraction of days with Ta-limited GPPPOT increased again from 13% to 87%.



















































Figure 5.7 – Monthly fraction of days when potential gross primary productivity
(GPPPOT) is limited by (a) air temperature (Ta), (c) incoming shortwave radiation
(SWin), or (b) co-limited by both variables. The dashed line shows GPPPOT-limitation
for Ta and SWin measured at Scotty Creek between August 2015 and July 2016. Solid
lines indicate ensemble mean GPPPOT-limitation for the recent and projected modelled
Ta and SWin from six combinations of four regional climate and three Earth system
models.
Until the end of the 21st century (2091-2100), mean daily Ta between April and
September at Scotty Creek is projected to increase by 2.5 ◦C for the RCP4.5 or by 5.2 ◦C
for the RCP8.5 scenario compared to the period 2006 to 2015 (Fig. 1.4a-d). In contrast,
mean daily SWin for the same period is projected to decrease by 3 W m-2 (RCP4.5) and
by 6.6 W m-2 (RCP8.5), most likely due to increased cloudiness as indicated by concur-
rent increases in precipitation (Fig. 1.4e-l). These projected changes consistently reduce
Ta-limitation of GPPPOT between April and October. The largest reduction in the frac-
115
tion of days with Ta-limited GPPPOT is expected in June and September with -26% and
-22% for the RCP4.5 scenario and with -45% and -47% for the RCP8.5 scenario, respec-
tively. The largest increase in days with colimited GPPPOT is projected for June (+24%
[RCP4.5] and +40% [RCP8.5]). Increases in the fraction of days with SWin-limited
GPPPOT are most pronounced in September with 14% (RCP4.5) and 37% (RCP8.5).
Between March and July, projected increases in days with SWin-limited GPPPOT are
smaller than 10% (RCP4.5 and RCP8.5).
5.4.6 Projected changes in GPPMOD, ERMOD, and NEEMOD
By the end of the 21st century, the projected changes in Ta and SWin enhance GPPMOD
with maximum increases in May (Fig. 5.8). For the RCP 8.5 scenario, the projected in-
crease in annual GPPMOD is about twice as large as for the RCP 4.5 scenario. However,
the increase in annual ERMOD for the RCP 8.5 scenario is 2.5 times larger than for the
RCP 4.5 scenario due to warmer Ta.In contrast to GPPMOD, monthly ERMOD is expected
to increase most strongly in August and July. The differences in the timing of increases
in GPPMOD and ERMOD result in a more negative NEEMOD early in the summer and
less negative NEEMOD in July – the warmest summer month. Annual NEEMOD switches
its sign from -9±39 g C-CO2 m-2 (±95% CI; 2006-2015) to +16±42 g C-CO2 m-2
(2091-2100) for the RCP 4.5 scenario and becomes a significant net CO2 m source with
+94±54 g C-CO2 m-2 (2091–2100) for the RCP 8.5 scenario. Similar annual NEEMOD
for the wetland (i.e., NEEMOD derived from GPPWET and ERWET) was modeled with
projected annual NEEMOD (2091-2100) of -9±27 and +60±31 g C-CO2 m-2 for the
RCP 4.5 and the RCP 8.5 scenario, respectively (Fig. IV.3). While climatic changes
both in winter and summer contribute
While climatic changes both in winter and summer contribute to this change in an-
nual NEEPOT_m, the bulk of the reduction occurs during the summer months (May to
September) for the RCP8.5 scenario (69 %) and in the winter months (October to April)















































































































































































































































































































































5.5.1 Indirect thaw-induced climate change impact on carbon dioxide fluxes
At Scotty Creek, both half-hourly net CO2 uptake during the day and net CO2 re-
lease during the night were larger for the boreal forest-wetland landscape compared to
the wetland (Fig. 5.2). However, half-hourly NEELAND differed more from NEEWET
with increasing wetland contributions to landscape flux footprints. In contrast, sensible
and latent heat (see Chapter 3) and methane fluxes (see Chapter 4) were found to scale
with wetland contributions in previous studies at Scotty Creek. An analysis of mean flux
footprint contributions from forest-wetland transition zones revealed that these contri-
butions were about six times larger for landscape than for wetland tower flux footprints
(Fig. 5.1c). The transition zones with higher soil moisture and warmer soil temperatures
(Baltzer et al., 2014; Bubier et al., 1995) may be characterized by larger GPP and ER
compared to the interior of the wetlands and to the forests, both characterized by drier
surface soils. Such spatial patterns of GPP and ER have previously been observed in
similar permafrost peatlands using chamber methods (Myers-Smith et al., 2007; Turet-
sky et al., 2002; Wickland et al., 2006). Methane fluxes may be more uni- form across
the wetland as these are more sensitive to variations in water table position compared
to variations in surface soil moisture (e.g., Bubier et al., 1995; Kettunen, 2003). In
contrast, the productivity of the dominant plant genus in the wetland, Sphagnum spp., is
strongly controlled by surface moisture (e.g., Schipperges and Rydin, 1998), potentially
explaining the differing spatial patterns of NEE and methane fluxes.
Similar findings were reported for a thawing tundra landscape, where both GPP and
ER of actively thawing patches within the landscape were larger than the integrated land-
scape GPP and ER (Belshe et al., 2012). Permafrost thaw increases the availability of ni-
trogen (Finger et al., 2016), increases surface soil moisture, and induces vegetation shifts
toward more aquatic species (Camill, 1999a; Camill et al., 2001), potentially enhancing
both productivity and respiration in the transition zones. Compared to the permafrost-
free wetland, the larger extent of actively thawing transition zones in the boreal forest-
wetland landscape may therefore cause larger GPPLAND and ERLAND (Fig. 5.2).
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In contrast to ΣGPP and ΣER, annual ΣNEELAND and ΣNEEWET did not differ sig-
nificantly significantly at Scotty Creek (Fig. 5.3), suggesting that thaw-induced wetland
expansion and forest loss might have a negligible short-term impact on ΣNEE. The long-
term negative ΣNEE (i.e., net CO2 uptake) is a major component of peatland C budgets
in addition to the typical C losses due to methane emissions and due to net lateral export
of dissolved organic C (e.g., Roulet et al., 2007). At Scotty Creek, wetlands emit 12 g
C-CH4 m
-2 per year as opposed to 6 g C-CH4 m
-2 at the landscape level (see Chapter
4), suggesting a similar wetland and landscape net C uptake of -12 g C m-2 yr-1 (-24 g
C-CO2 m
-2 + 12 g C-CH4 m
-2) and -14 g C m-2 yr-1 (-20 g C-CO2 m
-2 + 6 g C-CH4
m-2), respectively [excluding lateral export of dissolved organic C (DOC)]. For a boreal
peatland landscape in the discontinuous permafrost zone of Manitoba, Moore (2003) re-
ports small annual DOC exports between 1.7 and 3.2 g C m-2 yr-1. If DOC exports at
Scotty Creek are of a similar magnitude, a current net C uptake of approximately 10
g C m-2 yr-1 can be expected. A multisite synthesis study reports similar long-term C
accumulation rates for boreal permafrost peatlands [14 g C m-2 yr-1] and for permafrost-
free bogs [18 g C m-2 yr-1] (Treat et al., 2016). Similarly, growing-season NEE was
not significantly different across a thaw chronosequence from a forested permafrost peat
plateau to a collapse-scar bog in Alaska (Johnston et al., 2014). For a permafrost peat-
land landscape in northern Manitoba, aboveground net primary production of permafrost
peat plateaus and of collapse-scar bogs was similar, but a twofold increase in the accu-
mulation of peat was observed following thaw (Camill et al., 2001). Post-thaw increases
in C accumulation have been reported for several thawing permafrost peatlands in Man-
itoba, Saskatchewan, Alberta, and Alaska (Camill, 1999b; Jones et al., 2013; Turetsky
et al., 2000, 2007).
However, enhanced decomposition of thawed forest peat has also been shown to
exceed increased C accumulation rates in near-surface collapse-scar bog peat, inducing
a rapid post-thaw net C loss (O’Donnell et al., 2012). Particularly transition zones may
be subject to rapid net C losses, before they slowly return to a net C sink after about
a decade (Jones et al., 2016). Our findings suggest that thawing boreal forest-wetland
landscapes can still act as net CO2 sinks - and most likely as net C sinks - under the
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current climate. The continuing net CO2 sink may be the result of integrating large areas
with small net CO2 uptake (e.g., forested permafrost plateaus and interior of permafrost-
free wetlands) and small areas with potentially large net CO2 loss (e.g., recently thawed
transition zones). While the thaw-induced wetland expansion may affect long-term C
cycle dynamics through its effect on regional hydrology (Connon et al., 2014), species-
specific productivity (Camill et al., 2001), and fire regimes (Camill et al., 2009), the
immediate indirect climate-warming impact of such land cover change on landscape
NEE appears to be small.
5.5.2 Direct climate change impacts on carbon dioxide fluxes
In contrast to the small indirect thaw-induced climate change impact on NEE, di-
rect climate change effects appear to be larger and may depend strongly on the future
CO2 emission trajectories as represented by RCPs (Fig. 5.8). At Scotty Creek, early
summer NEEMOD increases with warming Ta, but decreases later in the summer. Such
a seasonal pattern is supported by multi-year observations of NEE at other northern
and alpine ecosystems (Huxman et al., 2003; Piao et al., 2008). Mid-summer GPP is
often light-saturated and warmer summer Ta only marginally enhances plant productiv-
ity. ER is mainly temperature-limited (in the absence of moisture stress) and warmer
mid-summer Ta reduces NEE by enhancing ER (Huxman et al., 2003). In a warmer cli-
mate with more hot summer days (Fig. 5.5a), this increase in ER may eventually exceed
GPP (Runkle et al., 2013). At the tree level, increased white spruce tree-ring growth
in Alaska has been related to warmer spring temperatures for some individuals but also
to decreased growth in response to warmer summer temperatures for other individuals
(Wilmking et al., 2004). Similar to this study, recent tree-ring and modeling analyses
highlight the negative impacts of warmer summer Ta - and an associated increase in
autotrophic respiration - on net primary productivity of black spruce forests (Girardin
et al., 2016). Additionally, warmer summer Ta may accelerate evapotranspiration rates,
decrease moisture availability, and enhance atmospheric water demand, potentially slow-
ing down GPP and/or ER during peak growing season (e.g., Barber et al., 2000; Kljun
et al., 2007; Novick et al., 2016).
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In fall, light-limitation of GPP is more frequent than in spring (Niu et al., 2011,
Fig. 5.7), potentially explaining the larger spring response in GPPMOD to warmer Ta.
For a subalpine forest, Huxman et al. (2003) found two NEE minima in early and late
summer with a reduction in net CO2 uptake in mid-summer. Here, we observed only one
NEE minimum in July for the current seasonal NEE pattern at Scotty Creek. However,
similar to Huxman et al. (2003), projected NEEMOD is characterised by two minima in
June and August for the RCP4.5 scenario. In the RCP8.5 scenario, the NEEMOD minima
in early and late summer are even more pronounced (Fig. 5.8).
In a recent modeling synthesis study, McGuire et al. (2016) found that moderate
warming in the northern circumpolar permafrost region increased GPP, and vegetation
C stocks, but decreased soil C stocks over a 50-year time period in most ESMs. At-
mospheric inversion models indicate an increasing net CO2 sink in the boreal zone for
the period 1985 to 2012 (Welp et al., 2016, ; 50◦ - 60◦ N). These results are supported
by site-level NEE measurements for temperate and boreal forests indicating that ear-
lier spring onset (i.e., warmer Ta) consistently increases GPP, and to a lesser extent ER
(Kljun et al., 2007; Richardson et al., 2009, 2010). However, the positive productivity
response of evergreen coniferous forests appears to be smaller compared to deciduous
forests (Richardson et al., 2010; Welp et al., 2007). In a boreal forest ecosystem in
the sporadic permafrost zone, longer growing seasons did not increase net CO2 uptake
as the positive productivity response was offset by enhanced respiration (Dunn et al.,
2007). In a boreal forest warming experiment, bud burst of black spruce trees occurred
earlier and greater shoot lengths were observed (Bronson et al., 2009). The increase
in photosynthetic tissue may therefore enhance aboveground net primary productivity,
even in the absence of changes in light-saturated photosynthesis and foliage respiration
per m2 of foliage (Bronson and Gower, 2010). Concurrent observations of decreases in
fine root net primary productivity may, however, result in unchanged total net primary
productivity (Bronson et al., 2008).
Availability of organic C in permafrost peatland landscapes, such as Scotty Creek, is
not limited (Treat et al., 2016). Warmer Ta may therefore gradually increase ER while
the dominant temperature limitation of GPP may switch to a more dominant light lim-
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itation, limiting the productivity benefits of warming Ta (Fig. 5.5 and Fig. 5.6). Air
temperature effects on ER have been shown to exert a strong control on interannual vari-
ation of boreal forest NEE, exceeding the impacts of variations in GPP (Ueyama et al.,
2009, 2014). In boreal forests, the NEE response to Ta often follows a parabolic curve
with a temperature optimum of NEE followed by decreasing net CO2 uptake with Ta
above this threshold (Grant et al., 2009; Niu et al., 2011, Fig. 5.5a). At Scotty Creek,
this Ta threshold appears to be around 15 ◦C, slightly warmer than the 11-year mean Ta
optimum of NEE of 11±2 ◦C (± one standard deviation) for a boreal forest in the spo-
radic permafrost zone of northern Manitoba (Niu et al., 2012). It should be noted that,
in the long-term, the NEE temperature optimum might change with thermal adaptation
of the vegetation or species composition shifts (Yuan et al., 2011). In a warmer climate,
the Ta threshold is likely to be exceeded more often during the summer (Fig. 5.5a),
potentially decreasing summertime net CO2 uptake. Our results suggest that, with con-
tinuously rising Ta, increases in net CO2 uptake of boreal forest-wetland landscapes may
therefore eventually slow down, and their long-term net CO2 uptake may potentially de-
































































































































































































































































































































































A decreasing potential of boreal forest-wetland landscapes to sequester CO2 in a
warmer climate is supported by a projected C loss at the southern edge of the boreal
zone where ecosystems with low potential for long-term C accumulation are expected
to replace current boreal organic C-rich ecosystems in a warmer climate (Koven et al.,
2013). A diminishing potential net CO2 uptake may ’push’ the current C-accumulating
landscapes to an unstable state increasing the potential for an abrupt transition to land-
scapes with lower C stocks and a loss of their CO2 sink function (Scheffer et al., 2012).
For the RCP4.5 scenario, current climates (i.e., mean annual Ta and total precipitation)
similar to the projected end-of-the-century climate of Scotty Creek are found within the
boreal biome in northern Alberta. For the RCP8.5 scenario, similar climates are currently
found at the limit or south of the boreal biome in Canada and the northwestern United
States (Fig. 5.2). In contrast to changes in Ta and precipitation, SWin is more strongly
bound to latitude. The limited duration of the period providing sufficient light for pho-
tosynthetic CO2 uptake combined with warmer Ta and more precipitation is therefore
likely to increase ER more than GPP, particularly for the RCP8.5 scenario (Fig. 5.8). A
shift from permafrost peatland landscapes with large organic C stocks [mean of 106±45
kg m-2 [± one standard deviation] for forested peat plateaus [n = 158]; 117±65 kg m-2
for collapse-scar bogs [n = 52]; data from Treat et al. (2016)] to landscapes with low C
stocks would result in large net CO2 emissions. Our results suggest that the magnitude
of these emissions will strongly depend on future anthropogenic CO2 emission pathways
(Fig. 5.8).
5.5.3 Comparison with Earth system models and CO2 flux inversion modeling
A comparison with five end-of-21st-century ESM projections of NEE (from the Cou-
pled Model Intercomparison Project [from the Coupled Model Intercomparison Project
(CMIP5; http://cmip-pcmdi.llnl.gov/cmip5/); Friedlingstein et al. (2014b);
Fig. IV.4] shows that three of five ESMs project NEE changes similar to our find-
ings. More specifically, for the southern Taiga Plains region, no ESM shows significant
changes in mean annual NEE for the moderate RCP4.5 scenario (two-sample t-test; α
= 0.05; n = 10). For the warmer RCP8.5 scenario, three of the five ESMs indicate de-
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creases in net CO2 uptake (7-36 g C-CO2 m
-2 less negative NEE with one ESM showing
a significant decrease; p = 0.04; n = 10; see Fig. IV.4). Two ESMs even indicate a switch
from a net CO2 sink to a net CO2 source. Similar to our study, all ESMs project the
largest monthly increase in net CO2 uptake between April and June (except for July in
the RCP8.5 scenario of one ESM) and smaller increases or even decreases in net CO2
uptake later in summer.
For the period 2006 to 2015, all five ESMs indicate a mean net CO2 sink for the
southern Taiga Plains region with differences of less than 20 g C-CO2 m
-2 yr-1 to mea-
sured annual NEE at Scotty Creek (except for a larger difference for one ESM; Fig. IV.5).
Compared to the annual landscape NEE of -20 g C-CO2 m
-2 yr-1 at Scotty Creek, global
CO2 flux inversions (1
◦ x 1◦ resolution, CarbonTracker, version CT2015; Peters et al.
(2007), with updates documented at http://carbontracker.noaa.gov) sug-
gest a mean annual NEE (2006 - 2015) of -39±52 g C-CO2 m-2 yr-1 [± one standard
deviation] with a similar monthly NEE seasonality and magnitude (Fig. IV.4a). How-
ever, four out of five ESMs overestimate the maximum monthly net CO2 uptake in the
summer and the maximum monthly net CO2 loss in the winter. The ESMs simulate both
direct and indirect climate change effects on NEE, but their NEE response may vary due
to differing representations of land surface processes (e.g., dynamic vegetation mod-
els, phenology, CO2 fertilization, nutrient dynamics) (e.g., Friedlingstein et al., 2014b;
Wieder et al., 2015). Disentangling the individual contributions from these processes to
diverging NEE projections is difficult due to the complex interactions between the in-
dividual model components (e.g., Friedlingstein et al., 2014b). However, an improved
understanding of temperature- and light-limitation of NEE may help reducing the wide
spread in modeled boreal landscape NEE response to climate change and minimize the
deviation between measured and modeled seasonality of NEE.
5.5.4 Potential responses of ecosystem functioning to a changing climate
How vegetation productivity and respiration respond to changes in temperature and
light may be affected by factors other than shifts in landscape and ecosystem composi-
tion and structure. Rising atmospheric CO2 concentrations and the related fertilization
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effect on plant productivity may stimulate and enhance GPP (McGuire et al., 2016).
This CO2 fertilization effect could directly increase GPP through its positive impact on
maximum GPP (Ueyama et al., 2016), favoring a larger potential for net CO2 uptake
than projected in this study. However, the magnitude of the CO2 fertilization effect in
boreal forests remains poorly constrained: both no productivity response (Kroner and
Way, 2016) and a positive response was observed (Tjoelker et al., 1998) in CO2 fertiliza-
tion experiments of Norway spruce (Picea abies) and black spruce seedlings. A small,
positive GPP response of 0.16 % ppm-1 (2002-2014) was estimated for an Alaskan black
spruce forest (Ueyama et al., 2016). Net primary productivity, the balance between GPP
and autotrophic respiration, of about half of the black spruce forests in North America
(south of 60◦ N) was projected to decline at the end of the 21st century in a modeling
study, despite a positive CO2 fertilization effect on GPP (Girardin et al., 2016). For
Sphagnum spp. and vascular bog species, only small or negative CO2 effects on pro-
ductivity were reported (Berendse et al., 2001; Heijmans et al., 2002). To some extent,
plants can acclimate to warmer Ta by modifying their photosynthetic and respiratory
apparatus. In warming and CO2 enrichment experiments, the thermal optimum of light-
saturated net CO2 uptake of both Norway spruce and black spruce seedlings increased
in the warming treatments while leaf respiration was suppressed. At the same time,
light-saturated net CO2 uptake was found to decrease for the warmest treatments (+8
◦C) (Kroner and Way, 2016; Way and Sage, 2008). A better constraint of the impacts
of CO2 fertilization and thermal acclimation on the productivity of boreal plant species
is therefore needed to fully understand the response of boreal forest-wetland landscape
CO2 fluxes to climate change.
Our focus on meteorological controls (temperature and light) of GPP only constrains
the GPPMOD response given no other limiting factors. Actual GPP, however, may be
reduced by additional environmental limitations. For example, earlier spring onset in
boreal and temperate forests has been observed to decrease peak summer productivity
due to soil moisture deficits later in the summer (Buermann et al., 2013; Wolf et al.,
2016). Particularly in late summer and fall, soil moisture deficits can add another en-
vironmental constraint on GPP (Niu et al., 2011). In peatlands, fluctuating water levels
126
may also modify the temperature-sensitivity of heterotrophic soil respiration (e.g., Sil-
vola et al., 1996) and affect GPP (e.g., Chivers et al., 2009). Changes in net primary
productivity may alter C substrate availability to soil microbes through changes in litter
fall (Beier et al., 2008; Bond-Lamberty et al., 2004), and changes in GPP may affect
autotrophic respiration through the allocation of photosynthates (Janssens et al., 2001).
Such indirect effects of ecosystem acclimation may modify the overall temperature sen-
sitivity of ER and, therefore, additionally affect NEE responses to a changing climate.
The temperature-response of ER in a warmer climate could also be attenuated if increas-
ing net C losses diminish the fraction of labile organic C, exposing more recalcitrant
organic matter from deeper peat layers, or induce temperature- related changes in soil
microbial communities (Bradford et al., 2008; Hogg et al., 1992). Understanding how
these environmental controls interact with the warming-related shifts in the seasonality
of GPP and ER will help constraining the NEE response to a warmer climate.
Here, we show that thaw-induced wetland expansion and associated boreal forest
loss appears to have negligible indirect climate change effects on landscape net CO2
uptake of ∼20 g C-CO2 m-2 yr-1. However, even without moisture stress, potential net
CO2 uptake of boreal forest-wetland landscapes is likely to decline by the end of the
21st century due to direct climate change impacts of changing meteorological forcing.
This projected reduction is about five times larger for a high climate-warming scenario
(103 g C-CO2 m
-2 yr-1) compared to a moderate scenario (25 g C-CO2 m
-2 yr-1). In
an exceedingly warmer climate, the recently observed increasing net CO2 uptake of the
boreal biome may therefore turn into a decreasing net CO2 sink during the 21st century,




In this thesis, I have characterized how widespread permafrost thaw-induced wet-
land expansion (and associated boreal forest loss) modifies land-atmosphere interactions
in the southern Taiga Plains. Changing landscape structure and composition in boreal
landscapes alters the land surface response to meteorological forcing and affects regional
and global climates. Thaw-induced land cover change induces two opposite climate im-
pacts: a biophysical regional atmospheric cooling and wetting and a biogeochemical
global warming effect. This thesis quantifies these first-order effects of thaw-induced
land cover change and may serve as a baseline for further investigations of interactions
and feedbacks of and between biophysical and biogeochemical climate impacts (i.e.,
second-order effects). In the future, a more detailed understanding of these second-order
effects could be gained from modeling experiments.
In the Taiga Plains, permafrost thaw was found to be equally important to wildfire
as driver of boreal tree cover dynamics (chapter 1). Particularly in the southern Taiga
Plains, where permafrost is sporadic, permafrost thaw and concurrent surface subsidence
leads to declining tree cover. The boreal forest loss causes a widespread replacement of
forest by wetlands in the region and the rate of permafrost thaw is expected to further
increase in an increasingly warmer climate. Despite the importance of these changes for
boreal landscape structure and composition, thaw-induced land cover change impacts on
land-atmosphere interactions are still poorly constrained. In contrast, wildfire impacts on
land-atmosphere interactions have been widely studied in the past. To fill this knowledge
gap, I have presented a detailed analysis of thaw-induced land cover change impacts on
land-atmosphere interactions.
Thaw-induced wetland expansion was found to only slightly decrease the sum of
sensible and latent heat flux during the growing season (chapter 2). However, I demon-
strate that particularly the increasing partitioning of available energy to latent - instead
of to sensible heat - causes an atmospheric cooling effect in the summer (Fig. 6.1).
This change in energy partitioning is estimated to induce a decrease in maximum daily
summer air temperatures between 1-2 ◦C for a hypothetical permafrost-free, all-wetland
landscape. At the same time, maximum daily summer water vapor mixing ratios were
found to increase by 2 mmol mol-1. In the summer, altered eco-physiological and aero-
dynamic surface properties are the main drivers of these air temperature and humidity
changes. In contrast, particularly in late winter, strong differences in the albedo of snow-
covered boreal forest and wetland cause 3-4 ◦C cooler wintertime air temperatures for
the all-wetland landscape. These biophysical climate impacts may attenuate regional
warming trends at the southern limit of permafrost in North America and modify re-
gional precipitation dynamics.
In contrast to the biophysical cooling effect of thaw-induced land cover change, wet-
land expansion is likely to have a biogeochemical climate warming effect (chapter 3,
Fig. 6.1). I demonstrate how increasing wetland extent at Scotty Creek enhances grow-
ing season landscape CH4 emissions and quantify the thaw-induced increase in land-
scape CH4 emissions by combining landscape and wetland net CH4 flux measurements
with current wetland expansion rates. While boreal forest-wetland landscapes usually
act as long-term net CO2 sinks to the atmosphere, their climate cooling effect is un-
likely to balance the climate warming effect of increasing CH4 emissions through the
21st century. The typical long-term net CO2 uptake of boreal North American peatlands
between 49 and 157 g CO2 m
-2 yr-1 is too small to balance the estimated growing season
CH4 emission increase of 0.034 ± 0.007 g CH4 m-2 yr-1 as indicated by a positive net
radiative greenhouse gas forcing throughout the 21st century.
Net CO2 flux measurements at the wetland- and the landscape-level at Scotty Creek
indicate that a rapidly thawing boreal forest-wetland landscape can still act as a net
CO2 sink (chapter 5). While the component fluxes of NEE (i.e., GPP and ER) seem to
be enhanced by thawing permafrost during the forest-to-wetland transition, changes in
NEE itself are small (Fig. 6.1). Thus, indirect climate change effects related to thaw-
induced land cover change seem to be negligible. In contrast, warmer air temperatures
and reduced incoming shortwave radiation, as projected for the end of the 21st century
by various Earth system models, are expected to impact NEE more as modeled ER in-
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creases exceed GPP increases. These direct climate change impacts on NEE were found
to be about five times larger for a high warming scenario compared to a moderate warm-
ing scenario (Fig. 6.1). The combination of direct and indirect climate change impacts
is therefore unlikely to lead to an increased long-term net CO2 uptake, supporting the
findings of an overall net positive greenhouse gas forcing from thaw-induced wetland
expansion (Fig. 6.1).
6.1 Future directions
In this thesis, I highlight the importance of widespread thaw-induced wetland ex-
pansion for land-atmosphere interactions and characterize its climate impacts. To fully
quantify the related net regional and global climate impacts, improved circumpolar pro-
jections of the extent of these land cover changes are needed. In this regard, recent
remote sensing efforts to map treed boreal peatlands (Thompson et al., 2016) and areas
of increased vulnerability to thermokarst development (Olefeldt et al., 2016) could pro-
vide important information for global Earth system models. Modeling post-thaw surface
subsidence in these ice-rich permafrost regions (e.g., Lee et al., 2014) is a first step to
better representing thaw-induced land cover change in such models.
Second-order effects of thaw-induced land cover changes (e.g., long-term hydrolog-
ical change) could be assessed with fully-coupled land-atmosphere models. Potential
climate feedback mechanisms could also be quantified with such models as they account
for the multitude of interactions between ecological, hydrological, and atmospheric pro-
cesses. For example, it remains unknown if the increase in high-latitude precipitation and
water availability (e.g., Lawrence et al., 2015) is sufficient to provide enough moisture
to supply further expansion of wetlands and how thaw-induced changes in catchment
morphology affect regional water balances in the boreal permafrost zone (e.g., changing


































































































































































































































































































The results of this thesis provide an important opportunity to improve and evalu-
ate land-atmosphere model performance for rapidly thawing boreal forest-wetland land-
scape. Fully-coupled Earth system models with an improved representation of land-
atmosphere interactions for boreal permafrost landscapes could then be used to assess
the net impacts of thaw-induced land cover change on regional and global climates. It
remains, however, challenging to define a metric accounting for the differing scales of
biophysical and biogeochemical climate impacts of climate-induced land cover change
(Chapin et al., 2000). Net radiative forcing is a metric quantifying only global climate
impacts related to radiative processes (e.g., effects of well-mixed greenhouse gases on
longwave radiation), but non-radiative processes of land cover changes (e.g., changes
in energy partitioning) can have pronounced impacts on regional climates (e.g., Davin
et al., 2007). Many ecological and atmospheric processes, such as plant growth, ecosys-
tem respiration, and evapotranspiration respond to local-scale meteorological conditions
(e.g., Potter et al., 2013; Scheffer et al., 2005). As land cover change may induce bio-
physical and biogeochemical climate impacts of opposite sign at contrasting scales, as
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Table I.I – Global surface area of boreal forest (data from Olson et al. (2001)). Boreal
forest area in the isolated, sporadic, discontinuous, and continuous permafrost zone (data
from Gruber (2012)) as percentage of the total boreal forest area. Area of lowland boreal
forest on thick overburden cover or on ice-rich permafrost in the circumpolar permafrost
zone (data from Brown et al. (2002) & Gruber (2012)) as percentage of the total boreal
forest area and in the isolated, sporadic, discontinuous, and continuous permafrost zone
as percentage of the boreal forest area in the respective permafrost zone. Global per-
centages are shown together with percentages for North America and Eurasia. Lowlands
were defined as flat or undulating landscapes (i.e. ruggedness index less than 2.5; see
Gruber (2012)). Landscapes with thick overburden cover and no exposed bedrock or
with high ground ice content were identified using the landform and ground ice content
codes by Brown et al. (2002), respectively.
North America Eurasia Global




% of total boreal forest
in isolated permafrost zone 12.7 11.0 11.6
in sporadic permafrost zone 32.9 20.5 25.2
in discontinuous permafrost zone 24.7 18.7 20.9
in continuous permafrost zone 7.5 30.2 21.6
total 77.7 80.4 79.3
lowland boreal forest on thick overburden
cover or ice-rich permafrost
% of total boreal forest
in circumpolar permafrost zone 22.1 20.5 21.1
% of boreal forest in permafrost zone
in isolated permafrost zone 27.3 7.8 15.9
in sporadic permafrost zone 30.3 33.6 32.0
in discontinuous permafrost zone 26.2 30.6 28.6
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1wildfire (2003 - 2014)
regrowth (1965 - 2002)
Figure I.1 – Contributions of areas affected by fire (i.e., wildfires between 2003 and
2014) and regrowth (i.e., wildfires between 1965 and 2002) per mean permafrost zona-
tion index (PZI) bin as a function of the fraction of the area affected by wildfires between
2003 and 2014 and 1965 and 2002, respectively. Dots and triangles are color-coded ac-
cording to the median PZI of the bins. Solid lines show linear model fits, while shaded
areas indicate 95% confidence intervals of the linear regression, derived from 1000 boot-
strap realizations of the original datasets.
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Figure I.2 – Mean change in Percent Tree Cover between 2000 to 2002 and 2012 to 2014
(∆PTC) of pixels affected by wildfires between 1965 and 2014 across the Taiga Plains.
∆PTC is calculated for each fire year separately. Colors indicate the extent of wildfires





The 2D flux footprint parameterization of Kljun et al. (2015) was applied for the
landscape tower for halfhours with roughness lengths smaller than 0.95 m. With larger
roughness lengths, the eddy covariance instruments were within the roughness sublayer,
where measurements at one fixed point are not representative due to horizontally vary-
ing flux magnitudes (Mahrt, 2000). The eddy covariance system at the wetland tower
was always above the roughness sublayer. The relative flux contribution matrices were
projected on a LiDAR/spectral data fusion-based land cover classification with discrete
classes for forests, wetlands and thaw lakes, and a LiDAR-derived canopy height map,
both derived from remote sensing (Chasmer et al., 2014, Fig. 3.1c).
Surface energy balance closure at the landscape and the wetland tower
Sums of H and LE measured by the eddy covariance technique were shown to be
consistently smaller than available energy (i.e. lack of land surface EBC) across dif-
ferent ecosystems and instrumental setups (e.g., Stoy et al., 2013; Wilson et al., 2002).
The reported discrepancies could either be caused by an overestimation of the available
energy or an underestimation of turbulent energy fluxes (e.g., Foken, 2008). To ensure
the comparability of H and LE at the landscape and the wetland tower, the EBC at the
two sites was assessed as follows:
H +LE = Rn −G−S−Qm −C (II.1)
where Rn is net radiation [W m-2], G is the soil heat flux [W m-2], S is the rate
of change of heat storage in the air column below the measurement height [W m-2], as
derived from one-point changes in Ta and specific humidity [qa; kg kg-1], Qm is the snow
melt energy flux [W m-2], and C [W m-2] is the closure term for measurement errors or
missing terms (e.g. soil thaw). Heat storage in biomass and the energy flux related to
photosynthesis were assumed to be negligible due to the typically low productivity and
low biomass of northern boreal forests (Baldocchi et al., 2000; Wilson et al., 2002). No
storage term was calculated for the consumption or release of energy for thawing and
freezing of the soil above the heat flux plates.
As the flux footprints of the landscape tower mainly consisted of forests and wet-
lands, the available energy was calculated as a weighted average of the ecosystemscale
measurements of Rn, G, and Qm at the wetland and the landscape tower. The weights
were estimated for each half-hour as the relative contribution of these two land cover
types to the flux measurements, quantified with the 2D footprint parameterization of
Kljun et al. (2015) (see also Chasmer et al., 2011; Detto et al., 2006).
The EBC for the two towers (defined as the slope of available energy against the
sum of turbulent energy fluxes) scale with the contribution of wetlands to the flux mea-
surements, with friction velocity (u*; m s-1), and soil temperature at 20 cm in the forest
(Ts_FOR; ◦C) (Fig. II.1). We assume that the relationship of the EBC with Ts_FOR is
caused by an underestimation of G early in the season due to the omission of a soil thaw
energy flux (e.g., Betts et al., 1999; Nakai et al., 2013). In contrast, the dependence of
EBC on u* is likely caused by underestimated H and LE (e.g., Barr et al., 2006). For
periods with Ts_FOR above 3 ◦C, u* above 0.2 m s-1 and wetland tower footprint con-
tributions from the wetland larger than 95%, EBC was 0.79 and 0.78 for the landscape
and the wetland tower, respectively. We therefore removed flux measurements from both
towers when u* was below 0.2 m s-1, and for the wetland tower when the wetland contri-
bution to the flux footprint was < 95% (i.e. footprints extended into surrounding forest).
For the landscape tower, data coverage was 50% for H and LE in 2013 (12 May 2013 -
01 November 2013). In 2014 (13 April 2014 - 07 November 2014), data coverage was
52% for H and LE at the landscape tower and 20% for H and LE at the wetland tower.
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Figure II.1 – Slope of the energy balance closure (EBC) for the landscape and the wet-
land tower as function of (a) permafrost-free wetland contributions to flux footprints,
(b) friction velocity, and (c) soil temperature at 20 cm on the forested permafrost plateau
(Ts_FOR). Shaded areas show the 95% confidence interval of the slopes.
Atmospheric controls of surface conductance
Nonlinear VPD and SWin models were fitted to gs for half-hours with low wet-
land contributions to landscape tower footprints (FRWET) (FRWET < median of FRWET
[63%]), to gs with high FRWET (FRWET ≤ median of FRWET [63%]), and to gs derived
from fluxes at the wetland tower (contributions from wetlands ≤ 95%). Only daytime
gs (0900 and 2100 MST) and gs for periods with LE > 10 W m-2 were used, as the ex-
pression of gs becomes numerically unstable when LE < 10 W m-2. The VPD control on
Gs_bound was modelled as follows (e.g., Blanken et al., 1997):
Gs_bound_i = gs0_ie(−bdV PD) (II.2)
where i stands for the i-th data set class, gs_0 (m s-1) is the bulk surface conductance
at a VPD of 0 kPA, and bd indicates the sensitivity of Gs_bound to VPD (kPa-1). The
model was fitted to the upper 15% of gs per 0.5 kPa VPD window. Data for periods with
SWin < 300 W m-2 were excluded to avoid radiation-controlled gs.
The dependence of Gs_bound on SWin was modelled using a Michaelis-Menten func-




bin f l +SWin
(II.3)
where gs_max is the upper limit of gs at high SWin and binfl is a parameter defining
SWin when Gs_bound reaches half of its upper limit. To assess the radiation dependence
of Gs_bound, only periods with VPD > 0.3 kPa were analysed ensuring that gs was not
controlled by VPD. Uncertainties of the model fits were quantified by fitting the model
to 1000 bootstrap realizations of the data sets.
The planetary boundary layer model
The time rate of change in potential air temperature of the mixed layer ( dθmdt ; K s
-1
results from input of sensible heat from the surface (H) and from entrainment of warm
air above the temperature inversion at the top of the mixed layer and was modelled using
Eq. 1 in McNaughton and Spriggs (1986). The time rate of change in qm was calculated
using Eq. 2 in McNaughton and Spriggs (1986). Eq. 10 in McNaughton and Spriggs







The vertical gradient of virtual potential air temperature [lapse rate (Γv); K m-1] was
taken as the lapse rate of moist air of 0.0065 K m-1.
To model qm at the landscape tower, we used H and LE from the landscape tower as
forcing. Modelled θ m and qm can only be compared to measured θ m and qm when H
and LE at the landscape tower are representative of the energy fluxes affecting instanta-
neous PBL dynamics, which is not always the case over a heterogeneous landscape. We
included only days with clear-sky conditions and a total sum of less than five half-hours
of missing or low quality (quality flag > 1) H and LE at the landscape and the wetland
tower. Remaining gaps were filled using linear interpolation and days with an RMSE of
the modelled θ m > 2 K were discarded to ensure good model performance. The analysis
of the EBC indicated an average underestimation of ∼20% of the sum of H and LE (see
xxxv
above). Therefore, we corrected for this underestimation in our model by increasing the
measured H and LE accordingly assuming that the lack of EBC was equally caused by
H and LE (Twine et al., 2000; Wohlfahrt et al., 2009).
Air temperature and water vapour mixing ratio at Scotty Creek were only measured
in the mixed layer and, thus, θ e and qe were not known. Potential air temperature and qe
of the entrainment layer were derived numerically by minimizing the RMSE of modelled
θ m and qm versus measured θ m and qm at the landscape tower. Friction velocity was used
to calculate the initial PBL height (Rossby and Montgomery, 1935).
Derivation of roughness parameters and aerodynamic conductance







where z [m] is the measurement height, k = 0.4 is the von Kármán constant, and
Ψm is the stability function for momentum, itself a function of the stability parameter
ζ = z−d0L with L [m] being the Monin-Obukhov length. Both z0m and d0 were derived
iteratively for each half hour constraining both variables to a mean obstacle height (h0;
m) (Sonnentag et al., 2011). Thus, by replacing z0m and d0 with h0, Eq. II.5 is solved
for only one unknown variable, h0. Based on relationships between ho and z0m and d0
reported in the literature, we assume z0m = 0.1 h0 and d0 = 0.66 ho (e.g., Brutsaert,
1982; Grimmond and Oke, 1999; Lindroth, 1993).
According to Paulson (1970) and Dyer (1974), Ψm under unstable conditions (i.e.,
ζ < 0) is defined as:




were x = (1−16ζ )0.25. For stable conditions (i.e. ζ > 0), Ψm is expressed according





)exp(−dζ )−aζ − bc
d
(II.7)
where a = 1, b = 0.66, c = 5, and d = 0.35. Ultimately, aerodynamic conductance to









where z0H is the roughness length for heat. z0H is larger than z0m because heat
transport is less efficient than momentum transport (Verma, 1989). In this study, we use
a ratio of z0mz0H = 7.4, which is equivalent to kB
−1 = 2 as used in studies of open black
spruce stands (Yang and Friedl, 2003), savannas and grasslands (Baldocchi and Ma,
2013; Ryu et al., 2008), and peatlands (Humphreys et al., 2006; Runkle et al., 2014).
The stability function for heat, ΨH , is expressed according to Paulson (1970) and
Dyer (1974) for unstable conditions:
ΨH = 2ln[0.5(1+ y)] (II.9)
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Figure III.1 – Relationship between (a & c) squared wetland soil temperature (T2s_WET),
(b & d) wetland water table depth (WTD) and the seasonal (> seven days) component
of net methane fluxes (FCH4_sf) at (a & b) the wetland tower and (b & d) the landscape
tower. Mean coefficients of determination (r2) and linear least squares regression lines
(dashed) of 10,000 randomly sampled FCH4_sf subsets (n = 30) are shown. The grey
shaded area indicates the 95 % confidence interval of the 10,000 regression fits. Dots














































































Figure IV.1 – (a) Air temperature at 2 m and soil temperature at 32 cm below the moss
surface. (b) Incoming shortwave radiation (SWin) measured at the landscape tower. (c)






























































































































































































































































Figure IV.3 – Projections (2091-2100) of monthly modeled gross primary productiv-
ity (GPPMOD), ecosystem respiration (ERMOD), and net ecosystem carbon dioxide ex-
change (NEEMOD) derived from wetland NEE measurements at Scotty Creek (a) with
the RCP4.5 and (b) with the RCP8.5 scenario. For comparison, narrow white bars show
recent (2006-2015) GPPMOD, ERMOD, and NEEMOD. Error bars indicate uncertainties
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